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   The advent of  satellite radar altimeters with wide observation  coverage and acceptable accuracy 
and their successful multiyear measurements of sea surface height  (SSH) fields have led to many new 
aspects on ocean variability at various temporal and spatial scales. The altimeter observations reveal 
the presence of energetic eddies in a  zonal band from 18°N to 26°N west of the Hawaiian Islands in 
the North Pacific subtropical gyre, where there is a shallow eastward  current called the Subtropical 
Countercurrent (STCC), as well as in the vicinity of strong currents such as the Kuroshio and 
Kuroshio Extension. It was pointed out by a previous study that the SSH variations in the STCC 
region are dominated by westward-propagating mesoscale disturbances at periods of several months. 
The similar periodicity has been also reported in variations of the path, transport and velocity of the 
Kuroshio. 
   The review of these previous studies suggests one hypothesis that there is a relationship between 
variations at periods of several months in the STCC region and those in the Kuroshio region. Although 
a part of this hypothesis is recently  confirmed by a few authors, we still have not understood the whole 
features in a comprehensive manner. The  purpose of the present study is to understand the behavior 
of oceanic variations with a period of several months in the North Pacific subtropical gyre, and to 
reveal its underlying physical mechanisms, especially focusing on the mesoscale disturbances in the 
STCC region and their interaction with the Kuroshio. 
   In Chapter 1, an outline of the altimeter observations and their contribution to the oceanography 
are briefly summarized, and the previous studies on the STCC, its associated eddy fields and 
variability of the Kuroshio are reviewed to clarify the standpoint of this thesis. 
   In Chapter 2, the SSH variations at periods of several months are surveyed in the North  Pacific, 
and their detailed spatial distribution and physical properties, focusing on the STCC  region, are 
examined by analyzing a  7-year record of SSH data from the TOPEX/POSEIDON,  ERS-1 and  ERS-2 
satellites. Spectral analyses of SSH anomalies show that the dominant temporal scale of SSH 
variations in the STCC region is about 65-220 days. Their energy distribution demonstrates that the 
65-220 day variations are mostly confined to the subtropical gyre, and enhanced in the STCC, the 
 Kuroshio and the  Kuroshio Extension east of the  Shatsky Rise. The broad energetic band in the STCC
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region is found to be divided into two regions: one is located in the latitudinal range of  21  °  -26°N and 
extending  zonally from the Philippine Sea to about  170°W along 22°N (hereafter referred to as the 
northern STCC region) and the other extends from around  145°E to the west of the Hawaiian Islands 
along  19.5°N (hereafter referred to as the southern STCC region). In  these two regions, the energy of 
the 65-220 day motions comes up to more than 50 % of the total  energy. The axes of these two 
high-variability regions are in agreement with those of mean vertical velocity shear associated with 
multiple bands of the STCC estimated from climatological hydrographic  data This geographical 
agreement suggests that baroclinic  instability plays an essential role in the generation of the 65-220 
day motions. Besides baroclinic instability of the mean flow fields, the energy distribution of the SSH 
variations indicates two generative sites: one west of the Hawaiian Islands for the southern STCC 
region and the other over the  Izu-Mariana Ridge. The direct contribution of eddies originated at the 
former region to the southern high SSH variability is considered to be small. On the other  hand, 
instability associated with flow forced over bottom topography in the latter region may be important to 
generate the high variability observed in the Philippine Sea. 
   Frequency-wavenumber spectra of SSH anomalies east of the Izu-Mariana Ridge show that the 
65-220 day variations in the two STCC regions are characterized by westward-propagating mesoscale 
disturbances with zonal wavelengths of 400-1800 km. Investigation of the ratio between the advective 
and phase speeds of these disturbances motivates two classifications: nonlinear eddy motions having 
wavelengths of about 500-700 km and quasi-linear waves with longer wavelengths of about 1200 km. 
While the quasi-linear waves are approximately followed by the dispersion relation of the first 
 baroclinic Rossby wave in the presence of the mean shear flow, the nonlinear eddy motions tend to lie 
near the barotropic  Rossby wave dispersion curve in terms of linear dispersion relations. 
   In Chapter 3, using altimeter-derived SSH anomaly fields and climatologicalannual and monthly 
mean temperature and salinity fields newly constructed in the present study,  baroclinic instability of 
the two STCCs and its relation to seasonal evolution of the eddy fields are investigated to discuss a 
generation mechanism of the mesoscale disturbances. The  annual and monthly mean dynamic height 
 climatologies confirm two robust eastward currents. The northern STCC extends typically along 24°N 
from  130°E to  160°W and slightly shifts to the north as it flows toward the east. The southern STCC is 
located typically along 20°N and extends from about 150°E to just west of the Hawaiian Islands.
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These two STCCs are accompanied by subsurface temperature/density fronts and intensified toward 
the sea surface, forming a large eastward vertical velocity shear in combination with underlying broad 
westward flow associated with northward deepening of the main pycnocline. 
   In the northern STCC in the western North Pacific and the southern STCC west of the Hawaiian 
Islands where the eddy variability is relatively larger than the background, the seasonal cycle of 
surface eastward geostrophic velocity is found to be quite different between the two  regions: the 
northern (southern) STCC is strong in winter (summer) to summer (winter) and weak in fall (spring). 
The seasonal variation is primarily governed by strength of the subsurface  front, but surface front 
formed within a mixed layer during late fall to winter also contributes to strength of the STCCs. It is 
found that the westward flow below the STCC also has an identifiable seasonal cycle. The weakening 
of the westward flow roughly coincides with the intensification of the subsurface front, which suggests 
that the system formed by the STCC and the westward flow increases its barotropic nature during this 
time. 
   The seasonal evolution of the SSH disturbances in the northern and southern STCC regions is 
investigated by calculating time series of eddy kinetic energy (EKE) and dominant zonal scale. Both 
time series show a seasonal cycle with a near in-phase relationship between the northern and 
southern STCC regions. The EKE has a maximum in spring and a minimum in fall, and the 
dominant scale is shortest in late winter and becomes longer with time. The tendency to shift toward 
longer wavelengths is also confirmed on synoptic maps of SSH anomalies. These results indicate that 
nonlinear characteristics of disturbances are strongly enhanced at least from late winter to spring. 
   A linear quasigeostrophic stability analysis using a three-layer model is carried out to examine 
baroclinic instability of the vertical sheared system between the STCC and the westward  flow. As a 
result, it is shown that instability properties are very similar between the two STCC regions. The 
northern  and southern STCC regions become baroclinically more unstable during winter and late fall  
to winter, respectively, with perturbations of an e-folding time scale of about 2-3 months and a  zonal 
wavelength of about 300-400 km. Examination of sensitivity of parameters used in the analyses to 
growth rates of unstable waves  indicates that major factors responsible for the most unstable mean 
fields are strong vertical velocity shear and weak stratification of the vertical sheared system. It is 
considered that almost the same behavior of the seasonal evolution of the mesoscale disturbances in
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both STCC regions is a manifestation of these similarities. Based on these results, generation 
processes of the mesoscale  disturbances are proposed as  follows: linear perturbations primarily 
generated through wintertime mean fields that are more favorable to baroclinic instability grow with 
increasing nonlinear characteristics and evolve into eddies that lead to the EKE maximum during 
spring. Simultaneously, the eddy energy is transferred to longer wavelengths through the inverse 
energy cascade process, which makes the mesoscale disturbances observable by the altimeters. 
   In Chapter 4, the westward-propagating disturbances in the STCC region of the Philippine Sea 
and their interaction with the Kuroshio are examined by analyzing about 7-year satellite-derived SSH 
and high-resolution sea surface temperature (SST) data. The tide gauge sea-level difference between 
Naze and Nishinoomote, which are respectively located on the  offshore and inshore sides of the 
Kuroshio in the  rIbkara Strait, is used as an index for the  Kuroshio surface transport. 
Frequency-wavenumber spectra of SSH and SST anomalies demonstrate that westward-propagating 
signals are primarily dominated by mesoscale disturbances at periods of about 65-220 days. These 
disturbances in both fields are significantly coherent around four major peaks (peak periods of 94, 125, 
164 and 219 days), and SST disturbances are ahead of SSH disturbances and behind meridional eddy 
velocity associated with the SSH disturbances by about 0.1-0.4  7 at the four peaks. This phase 
difference indicates that SST disturbances reflect not only changes in vertical thermal structures 
associated with SSH disturbances but also meridional heat advection caused by eddy currents. These 
results are consistent with those of a recent study based on in-situ high-resolution temperature 
observations. 
   A spectral analysis of the sea-level difference during 1990-1999 indicates variations of the 
 Kuroshio surface transport with a period of 100-200 days that nearly correspond to the dominant 
periodicity of the westward-propagating disturbances  in the STCC region. It is shown by a wavelet 
analysis that temporal variability of the spectral energy in the period band of 100-200 days is quite 
large.  Two major events with significant energy are found during the periods of mid 1992 to early 1994 
and 1998, and the other events with relatively large energy during the periods of mid 1990 to mid 1991 
and mid 1995 to early 1996. 
   A relationship between the  Kuroshio surface transport variations and the westward-propagating 
disturbances in the STCC region is investigated by focusing on the event during mid 1992 to early
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1994. Although this event was already examined by a recent study with altimeter data, the present 
study shows clear evidence confirming the interaction between the Kuroshio and the 
westward-propagating disturbances, and then suggests another influence of anticyclonic disturbances 
on the Kuroshio. Cross correlation analyses and observations of SSH and SST anomalies maps 
indicate that a part of westward-propagating anticyclonic and cyclonic disturbances  successively 
intrudes into the  offshore side of the Kuroshio west of the Nansei Islands through a passage of deep 
bottom topography between Miyakoshima and Okinawa, bringing about the  Kuroshio surface 
transport fluctuations at the  rIbkara Strait. In case of anticyclonic disturbances approaching the south 
of Okinawa, northward advection of warm water toward the Kuroshio possibly occurs on the western 
side of the disturbances. It is suggested that these warm anomalies are  further advected to the 
downstream by strong currents along the  Kuroshio axis before the disturbances intrude into the 
Kuroshio region. 
   In Chapter 5, the conclusions of this dissertation are presented. The present study indicates the 
65-220 day  variations confined to the subtropical gyre, and reveals their physical properties and 
generation mechanism, focusing on the STCC region.  Furthermore, this study proposes the new 
notion of the link between the Kuroshio variations and the westward-propagating disturbances in the 
STCC region, which could advance understanding of the  Kuroshio variations.
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Chapter 1 General introduction
1.1 Satellite altimeter observations and new aspects of ocean variability 
   In the vast ocean, there are various motions such as currents, waves and eddies. These motions 
are present on an enormous range of  spatial and temporal scales. In the mid twentieth  century, a 
 climatological picture of the upper ocean circulation was obtained by  geostrophic calculations based on 
temperature and salinity profiles collected by ship observations over a long period, by which our 
understanding of mean oceanic features fairly progressed.  However, to precisely capture motions 
associated with waves and eddies and to  clarify high-frequency  variability of the ocean circulation have 
been beyond the potential of ship observations. 
   The advent of new  satellite sensors in the early  1990s results in generating a great deal of 
 information about geophysical parameters through their spatial and temporal sampling capabilities 
superior to the ship observation  and greatly contributes to the oceanography  (e.g, Kawamura 2000). 
In addition to infrared radiometer-derived sea surface  temperature (SST) that was already applicable 
for oceanographic works in the mid 1980s, altimeters,  scatterometers and optical radiometers have 
been providing oceanographic products with acceptable  accuracy,  i.e., sea surface heights (SSH), ocean 
wind vectors and chlorophyll-a concentration, respectively. These products not only improved our 
knowledge of a  climatological picture of ocean but also enabled us to observe small-scale structures and 
short-term variations, i.e., the higher-frequency variations of  ocean. 
   Spaceborne measurements of SSH by radar altimeter were conducted in the past  two decades. 
Unlike the other  satellite-derived parameters whose information are limited to the ocean surface layer 
because of the ocean opacity to electromagnetic sensing, the SSH relative to the geoid represents a 
 dynamic variable integrated over the entire water column, and therefore it is particularly useful to 
understand the ocean dynamics. After several early experimental altimeter missions that  significantly 
contributed to improvements of hardware and software for the SSH-retrieval system, the Geosat 
launched in 1985 brought about practical data for ocean-dynamic researches. However, a host of errors 
from orbits uncertainties, poor corrections for the various atmospheric effects and inaccurate 
knowledge of the tides often limited the studies to the energetic mesoscale eddies and boundary 
currents.
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  The  TOPEX/POSEIDON  (T/P)  satellite launched in 1992 was the first mission that produces data 
 sufficiently accurate for studying variability of the ocean circulation. Its well-designed systems 
including the altimeter and supporting  sensors have provided oceanographic signals of  interests 
through high performance of corrections for the SSH retrievaL The T/P observation  has been 
continued  from October 1992 to the present (December 2001). With the performance of  T/P, we are able 
to measure ocean topography within a few centimeter accuracy over the global ocean every 10 days 
(Fu et al. 1994). On the other hand, knowledge of the  geoid, which is one of major components in the 
altimeter measurements, has not yet matched the accuracy of the T/P altimeters (Fu and Chelton 
2000). Therefore, satellite altimeter data have primarily been used to study temporal variability of the 
ocean topography by  assuming that the temporal variability of the geoid is negligibly small in 
comparison with that of the ocean. 
   The advent of the  T/P altimeters and its  successful  multiyear measurements of the SSH fields 
have brought about many new aspects on ocean variability at the various temporal and spatial scales, 
for example, the ENSO phenomenon,  wind-forced  variability, steric variability due to airsea 
exchanges of heat and  freshwater,  Rossby wave propagation, eddy variability and current  variability. 
In addition, several authors have tried to assimilate the altimeter data to realistic ocean circulation 
models. By using data assimilation techniques, altimeter data is  interpolated and extrapolated by 
model equations in space, time, and into other variables. These efforts have led to not only better 
understanding of the ocean circulation but also feasibility of forecasting ocean variability through 
nearreal-time analyses of assimilation of altimeter data together with other observations (e.g, 
GODAE: Global Ocean Data Assimilation Experiment,  http://www.bom.gov.au/GODAE).
1.2 North Pacific Subtropical Countercurrent and its associated eddies 
   The shallow eastward-flowing Subtropical  Countercurrent (STCC) is one of the most outstanding 
features in the upper ocean circulation at midlatitudes of the North Pacific. Based on direct current 
meter observations and dynamical calculations from hydrographic data, Uda and Hasunuma (1969) 
first demonstrated existence of the STCC, and found that it is accompanied by  subsurface 
 temperature/density fronts called subtropical front. Their findings attracted many researchers because
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a classical wind-driven  circulation theory predicts a general westward flow around there. Some 
possible formation mechanisms to explain the presence of the STCC have been suggested and 
discussed from theoretical consideration and numerical simulations (e.g, Cushman-Roisin 1984; 
Takeuchi 1984; Kubokawa 1995, 1997), but there were quite a few studies to verify these mechanisms 
from observational point of view This may be partly due to lack of ship observations in the interior 
region of the subtropical gyre. 
   While some authors described the STCC as a single broad band (Uda and  Hasunuma 1969; 
White et  al  1978), the others based on synoptic hydrographic observations  and/or high-resolution 
 climatological mean dynamic topographic maps indicated that the STCC is characterized by multiple 
narrow bands of the eastward flow and the subtropical front (Hasunuma and Yoshida 1978; White and 
Hasunuma 1982; White and  Walker 1985; Aoki et al. 2001). The  first study that focused on horizontal 
character of the banded structure was conducted by Hasunuma and Yoshida (1978). They constructed 
a long-term mean dynamic  topographic map using available hydrographic data in the western North 
Pacific and detected three major ridges of the topography (Fig. 1.1). White and Walker (1985) further 
investigated basin-wide distribution of eastward flow by an analysis of historical temperature data and 
found three bands extending along  20°  N,  24°N and  26°N from the Philippine Sea to the vicinity of the 
Hawaiian Archipelago. They showed, using a simple Sverdrup model, that this banded structure could 
be a response of the wind-driven flow to the Hawaiian Archipelago. 
 Recently Aoki et  al (2001) presented clear evidences for the STCC to have multiple banded 
structures. They paid particular attention to subsurface structures of the subtropical fronts and 
identified two robust fronts using the synoptic sections  from the World Ocean Circulation Experiment 
(WOCE) Hydrographic Program (WHP) and several hydrographic repeat sections in the western and 
central part of the subtropical  gyre. The northern front is located typically near  24'N and extends from 
the most western section (130°E) to the international date line. On the other hand, the southern front 
extends from 130°E to the date line typically along 18°N but  shifts to near 24.5°N at the  165°W  WHP 
section. They found that the northern and southern fronts appear along southern edge of low potential 
vorticity (PV) water on  different isopycnals, and discussed formation mechanisms of the two fronts in 
the context of previous theoretical works: the southern front is generated by pushing up  isopycnals 
caused by piling up of the low PV water advected on  different  isopycnals (Kubokawa and Inui  1999;
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Kubokawa 1999). The northern front is produced by a stationary Rossby wave emanating from the 
northwestern  corner of the subtropical gyre (Kubokawa  1997). 
   An eastward flow along  18°-20°N is also described as the Hawaiian  Lee  Countercurrent  (I-ILCC) 
by Qiu et  al (1997). Using  satellite data and several ocean models, Xie et  al (2001) indicated that a 
characteristic pattern of wind stress curl near the Hawaiian Islands generates the  HLCC. The 
Hawaiian Islands under the northeasterly trade  wind induces a wind wake trailing westward that 
drives the eastward current in the lee of the Hawaiian Islands. However, relation between the  ITLCC 
and the southern fronts indicated  by  Aoki et al. (2001) is not  clarified. 
   Several studies based on satellite altimeter observations indicated that the STCC region is 
characterized by energetic eddy activity (Kawamura et  al.  1995; Aoki and  Imawaki  199G Qiu 1999; 
Ducet  et  al 2000). Kawamura et al. (1995) examined mesoscale  variability in the STCC region  using 
the Geosat-derived SSH and the advanced very high resolution radiometer  (AVHRR)-derived SST 
 data, and found westward-propagating wavelike undulations in both the SSH and SST fields around 
 25°N. They showed that the observed signals have wavelengths of  800-1000 km and phase speeds of 
7-8  cmS1 and that their dominant period is about 3-6 months. 
 Mitchum (1995) detected  strong 90-day oscillations of sea level at Wake Island  (19°17' N,  166°37' 
 E) and showed that these  signals are attributable to westward-propagating Rossby waves along  19°N 
and that the waves are  associated with eddies generated near the Hawaiian Islands. His results 
suggest that energy source of  mesoscale variability in the STCC region should be found near the 
Hawaiian Islands. However, Holland and Mitchum (2001) pointed out that SSH signals associated 
with eddies at the Hawaiian Islands hardly travel to the vicinity of Wake Island. 
  Qiu (1999) indicated that eddy variability in the STCC region is generated by baroclinic instability 
of vertically sheared system between the surface-intensified STCC and its underlying westward flow 
associated with northward deepening of the main thermocline. He analyzed  TIP-derived SSH anomaly 
data and found a distinct annual cycle of eddy kinetic energy (EKE) with a  maximum in April/May 
and a  minimum in  December/January. A stability analysis of the sheared system based on a 2.5-layer 
reduced gravity model and hydrographic data from World Ocean Atlas 1994  (W0A94; Levitus 1994) 
showed that the seasonal modulation of the eddy field reflects seasonal difference in the intensity of 
baroclinic  instability, that is, the spring condition, when larger vertical velocity shear and weaker
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stratification  appear, is more favorable for  barochnic instability than the fall condition. He also  found 
an annual cycle of the vertical velocity shear with a  maximum in March  and a  minimum in October 
and pointed out that a time lag of about two months between the EKE maximum and the maximum 
shear is consistent with the maximum growth rate under the spring condition. 
   Although Qiu's study sheds light on one possible dynamical process for eddy production in the 
STCC region, there remain  unknown statistical features of the SSH variations. In  particular, his study 
focused on the eddy kinetic energy averaged over the entire STCC region with no discussion on the 
detailed spatial distribution of the SSH disturbances. In addition, the dynamic height climatology 
calculated by Qiu (1999) shows only the  broad-scale character of the STCC, because  hydrographic data 
from  W0A94 are so smoothed that it fails to detect multiple banded structures of the STCC.
1.3 Variability of the Kuroshio and its relationship to disturbances in 
   the open ocean 
   The Kuroshio, which is one of the strongest western boundary  currents, originates from the North 
Equatorial Current and enters the East China Sea (ECS) through the passage east of Taiwan, where 
it flows northeastward over the Chinese continental shelf margin. Turning to the east near  30°  N, it 
runs through the  Ibkara  Strait and then flows along the south region  of  Japan (Fig.  1.2). The Kuroshio 
carries saline  and warm water  from tropical regions to extra-tropical regions, modifying its properties 
by interaction with open ocean water and continental shelf  water, and contributes to the formation of 
global climate by affecting heat and freshwater balances in the mid-latitude oceans. In addition, shape 
and position of the Kuroshio path south of Japan have large influence on fisheries, ship navigation and 
coastal environment. These important connections to our lives have motivated many researchers to 
study variations of the Kuroshio. 
   A well-known phenomenon of variability is the bimodality of the Kuroshio path south of Japan 
 (Fig.  1.2). The  Kuroshio takes two typical paths: One is the non-large-meander  (NLM) path close to the 
Japanese coast from Kyushu to Shikoku, and the other is the typical large-meander (tLM) path 
located offshore throughout the south region of Japan (Kawabe 1985). The former can be  further 
classified into two stable paths that are called the nearshore NLM path and the offshore NLM path.
5
These two paths are located around Miyakejima and south of Hachijoujima over the Izu Ridge, 
respectively (Kawabe 1985). The path variations, which can be approximately  described by transitions 
among the three paths, occur on timescales of several months to decades. While the tLM path is a 
long-term phenomenon with the most predominant period of about 20 years, the path variations 
between the nearshore and offshore NLM paths are dominated at periods of 1.6-1.8 years, 1 year, 195 
clays and 110 days (Kawabe  1987). In the ECS, the Kuroshio path is relatively stable, but there are 
high-frequency meanders as  frontal waves. These meanders are typically characterized by 
disturbances with periods of about 10-20 days propagating downstream at about 10-20 km  day'  (e.g., 
Qiu et al. 1990; Ichikawa and  Beardsley 1993; James et al.  1999), 
   The transport of the  Kuroshio is also known to vary at various timescales. Applying a spectral 
analysis to time series of sea-level difference between Naze and Nishinoomote, which are located 
offshore and inshore of the Kuroshio at the  Tokara Strait, Kawabe (1988) showed that the  Kuroshio 
surface transport is dominated by interannual variations at periods  longer than 5 years and  around 
2.1 years. His results  also identify other peaks at periods of about 1 year, 181 days and 112 days. 
Compare to annual and interannual variations, there is quite few studies on intraannual variations of 
the Kuroshio transport. This may be partially due to lack of hydrographic observations. Although ship 
observations by governmental agencies have routinely been conducted each season along several fixed 
lines crossing the Kuroshio around Japan,  they are too infrequent and sparse to assess  these 
variations quantitatively 
   Recently, enhanced observation systems gave direct evidences confirming  intraannual variations 
of the Kuroshio transport. Using altimeter data and a tight relationship between the volume transport 
and ocean topography that is derived from repeat  hydrographic surveys and deployment of moored 
instruments along a line underneath a T/P ground track off Cape Ashizuri (called ASUKA  line), 
 Imawaki et  al (1997) found that fluctuations on intraannual timescales are dominant in the volume 
transport. Zhang et al. (2001) analyzed mooring array measurements in the East Taiwan Channel and 
indicated that variations of the Kuroshio transport have large energy in the period band of 70-200 days 
and their dominant period is about 100 days. The intraannual variations at a typical  100-day period 
were also observed from mooring data in the  Tokara Strait by Feng et al. (2000). 
   Mechanisms of the Kuroshio variations have been discussed within frames of dynamics of the
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Kuroshio system itself or response of the Kuroshio to wind forcing, by many observational, theoretical 
and experimental studies. On the other hand, several recent works pointed out interaction between 
the Kuroshio and disturbances originated in the open ocean as one of the crucial factors. Mitsudera et 
 al (2001) found that short-term variations between the nearshore and offshore NLM paths are  caused 
by strong anticyclonic eddies propagating westward in the  Kuroshio  recirculation region south of 
Japan. They also obtained similar results from a numerical simulation. These results were further 
 confirmed from systematic analyses of T/P altimeter data and Kuroshio path data by Ebuchi and 
Hanwa (2001). 
   Interaction between the Kuroshio and disturbances is also found in the upstream region. Using 
time series of sea-level differences across the Kuroshio in the East Taiwan  Channel as an index for 
Kuroshio transport  variation, Yang et  al (1999) indicated that impingement of anticyclonic (cyclonic) 
mesoscale eddies  from STCC region into the Kuroshio at an interval of about 100 days is coincident 
with a larger (smaller) transport of the  Kuroshio. In contrast, Zhang et  al (2001) analyzed  observation 
data obtained by a moored  current meter array in the East Taiwan Channel and T/P-derived SSH 
anomaly data, and showed that arrivals of the westward-propagating anticyclonic disturbances from 
STCC region to the southeast of Taiwan force developments of the Kuroshio meanders which result in 
a reduction of the transport at periods of about 100 days in the East Taiwan Channel by shifting the 
Kuroshio offshore and splitting  part of the  flow to the east of the Nansei Islands. Their results seem to 
be different from those of Yang et  al (1999). Further analyses will be required to clarify interaction 
around there. 
   Another way in which the Kuroshio interacts with disturbances  from STCC region is found by 
Ichikawa (2001). Analyzing time series of both altimeterderived SSH anomaly maps and sea-level 
difference between Naze and  Nishinoomote at the  Ibkara Strait, he indicated that a part of 
westward-propagating eddies along  23°N south of Okinawa is elongated along the  Kuroshio path to 
the  rIbkara Strait and a covering of their anomaly over the  offshore sides in the  lbkara Strait induces 
variations of the Kuroshio transport at a period of about 180 days. The SSH anomaly at the  rIbkara 
Strait further moves downstream and leads to fluctuations in the volume transport of the Kuroshio at 
the  ASUKA line.  However, his study period, about one year from October 1992 to  December 1993, is 
rather short to reveal the whole features of interaction between the westward-propagating
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disturbances in STCC and the Kuroshio. 
   In spite of recognition by the above-mentioned recent studies, detailed processes of the interaction 
have not been thoroughly understood. This may be partially due to the coarse spatial sampling of 
altimeter observations: at midlatitudes the zonal spacing of ground tracks of the  T/P altimeter is 
approximately 250 km that is not enough to resolve variability of the Kuroshio from a region east of 
Taiwan to the ECS where the Kuroshio flows toward the northwest with a typical axis width of 60-100 
km (Sun and Su 1994). Furthermore, we cannot directly obtain a picture of the mean Kuroshio current 
from  satellite-derived SSH data because of deficiency of accurate geoid models.
1.4 Scope of this thesis 
   The above review about Kuroshio variability and mesoscale variability in the STCC region 
suggests one hypothesis that  intraannual variations at periods of several months may link the STCC 
and the Kuroshio regions. Although a part of this hypothesis has been recently confirmed by a few 
authors, we still have not understood the whole features in a comprehensive manner. The purpose of 
this study is to understand behavior of the several month variations in the subtropical gyre of the 
North Pacific, and to reveal its underlying physical processes, especially focusing on the mesoscale 
variability in the STCC region and its interaction with the  Kuroshio. This dissertation consists of five 
chapters including this  chapter. 
   In Chapter 2, the SSH variations at periods of several months are first surveyed in the North 
Pacific by using altimeter data from  T/P,  ERS-1 and ERS-2 satellites, and then their physical 
properties and detailed spatial distribution are examined by focusing on the STCC region. We discuss 
a relationship between energy distribution associated with SSH disturbances and mean  barochnic 
flow field estimated from climatological  hydrographic data, and suggest a generation mechanism of the 
SSH disturbances. In Chapter 3, instability nature of the STCC and its relation to seasonal evolution 
of the eddy fields are examined. lb resolve multiple narrow bands of the STCC, we constructed new 
 hydrographic data preserving small-scale flow structures. Using this data, we describe climatological 
mean features and seasonal variations of the STCC, and then conduct a linear quasigeostrophic 
stability analysis to reveal instability nature of the mean flow fields. The seasonal evolution of the eddy
8
fields based on  altimeterderived SSH data is  compared with results of the linear  stability analyses, 
which gives discussion about the generation mechanism of the SSH disturbances. In Chapter 4, 
westward-propagating disturbances in the STCC region of the Philippine Sea and their interaction 
with the Kuroshio  are investigated by using satellite-derived SSH and SST fields and tide gauge 
sea-level difference between Naze and Nishinoomote at the  Tokara Strait as an index for Kuroshio 
surface transport. We  first show the properties and  consistency between SSH and SST disturbances, 
and then indicate fluctuations of the  Kuroshio surface transport and their relationship to the 
westward-propagating disturbances in the STCC region. Chapter 5 summarizes the results of this 
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Figure  1.1:  Long-term mean geopotential anomaly relative to 1000 dbar  (Hasunuma and Yoshida 
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Figure 1.2: Map of the southern region of Japan and the typical paths of the  Kuroshio for nNLM: the 
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    typical large-meander path, cited from Kawabe (1996).
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Chapter 2 Variation of sea surface height at periods of 65-220 
  days in the subtropical gyre of the North Pacific
2.1 Introduction 
   The center of the North Pacific subtropical gyre is characterized by a shallow eastward flow called 
the Subtropical Countercurrent (hereafter STCC). Based on hydrographic observation data, Uda and 
Hasunuma (1969) demonstrated the existence of the STCC in the latitudinal range of  20°  -25°N. They 
indicated that the STCC is a persistent flow throughout a year with no notable meridional shifting. 
The STCC is associated with a large meridional slope of  isopycnals at 100-200 in depth that shoal to 
the north. Therefore, it is generally considered as a flow confined in the upper ocean. 
   Several works based on hydrographic analysis have shown that the STCC may consist of multiple 
eastward flow bands rather than a single broad band (Yoshida 1970; Hasunuma and Yoshida  1978; 
White and Hasunuma 1982; White and Walker 1985). Using historical temperature data and mean 
temperature-salinity relations, White and Walker (1985) found three narrow eastward flows around 
 20°N, 24° N and 26°N zonally extending from the Philippine Sea near 140° E to the Hawaiian Islands. 
   Satellite altimeter data has revealed the presence of energetic eddies in the STCC region. Figure 
 2.1a shows the spatial distribution of root-mean-square variability based on a 7-year  altimeter-derived 
record of sea surface height (SSH) (see section 2.2 for details). Large SSH variability can be seen in the 
vicinity of strong currents such as the Kuroshio and Kuroshio Extension, as documented by many 
authors. The STCC region, which exhibits a tongue-like structure of SSH variability along about 18° 
 -26'N west of the Hawaiian Islands, is also characterized by eddy energy larger than the background 
(Kawamura  et  al. 1995; Aoki and Imawaki 1996; Qiu 1999). Preliminary research by Kawamura  et  al 
(1995) examined this high-variability tongue using the Geosat-derived SSH and the advanced very 
high resolution radiometer (AVHRR)-derived sea surface temperature (SST) data, and found 
westward-propagating wavelike  undulations in both the SSH and SST fields around  25°N. They 
showed that the observed signals have wavelengths of 800-1000 km and phase speeds of 7-8 ems-' and 
that their dominant period is about 3-6 months. However, these properties were only roughly 
estimated  from a two-year time-longitude plot along  25°N west of  160°E. A more objective estimate 
should be made using long-term satellite data.
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   Westward-propagating signals as Rossby waves in the North Pacific STCC region have been 
reported by several previous studies  analyzing altimeter data (e.g., Chelton and Schlax 1996; Aoki and 
Imawaki 1996; Zang and Wunsch 1999). However, as the focus of those papers was on the general 
characteristics of Rossby wave motions such as the  dispersion relation, they did not pay special 
attention to the relationship with the STCC. 
   Mitchum (1995) detected strong 90-day oscillations of sea level at Wake Island  (19°17 N,  166°37' 
E)  and showed that these signals are attributable to westward-propagating Rossby waves along 19°N 
and that the waves are associated with eddies generated near the Hawaiian Islands. Recently Qiu 
(1999) intensively investigated eddy fields in the STCC region using TOPEX/POSEIDON (T/P) 
altimeter data and found a distinct annual cycle of eddy kinetic energy with a maximum in April/May 
and a  minimum in  December/January. Using a 2.5-layer reduced gravity model representing the 
vertically sheared system between the surface-intensified STCC and the  underlying 
westward-directed North Equatorial Current (NEC)  associated with northward deepening of the main 
thermocline, he  succeeded in interpreting this cycle in terms of a substantial difference in the intensity 
of  baroclinic instability between the spring and fall conditions. Although Qiu's study sheds light on one 
possible dynamical process for eddy production in the STCC region, there remain  unknown statistical 
features of the SSH variations. In particular, his study focused on the eddy kinetic energy averaged 
over the entire STCC region with no discussion on the detailed spatial distribution of the SSH 
disturbances. 
   This chapter examines statistical properties and detailed spatial distribution of the SSH 
disturbances in the STCC region using  altimeterderived SSH data spanning a 7 year  period. The 
reminder of this chapter is organized as follows; section 2.2 describes the SSH anomaly and 
hydrographic data used in this study. In section 2.3, we examine spectral properties of the SSH 
variations in the North Pacific using spectral analysis. Following this, we show the energy distribution 
of SSH variations in a particular frequency band and make a comparison with the locations of the 
multiple eastward  flows.  In section 2.4, features such as dominant spatial scales, propagation speeds 
and nonlinearity of the eddy variability are estimated by  two-dimensional spectral analyses and 
composite analyses. We offer a discussion of the results in section 2.5; the conclusions are summarized 
in section 2.6.
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2.2 Data and processing 
   We used the Maps of Sea Level Anomalies (MSLA) altimeter products based on merging data of 
the T/P and  ERS-1/ERS-2 altimeter missions during the period from October 1992 to July 1999. These 
products were provided by the Collecte  Localisation Satellites (CLS) Space Oceanography  Division, 
 lbulouse, France. The merged SSH data provide better spatial and temporal resolution and improved 
statistical reliability for mesoscale variations that are targets of the present study than either satellite 
alone. However, there are no ERS altimeter observations  from December 1993 through  March 1995. 
For this period, we used another MSLA product generated solely from the  T/P data. 
   The SSH anomaly fields derived from an improved space/time objective analysis method (Le 
 Traon et  al. 1998) are available every 10 days with a  0.25°  X  0.25° (longitude and latitude) resolution. 
The spatial correlation function has a zero crossing that depends on latitude. The zero crossing 
equatorward of  ± 14° latitude is anisotropic, 350 km zonal at the equator and decreasing with latitude, 
250 km  meridional and constant with latitude. The zero crossing poleward of ± 14° latitude is isotropic, 
250 km and decreasing with latitude. The temporal correlation function is Gaussian with an e-folding 
time of 10 days equatorward of  ±5° latitude and 15 days elsewhere. 
   The climatology of the STCC was investigated using  hyclrographic data  from the North Pacific 
 hydrographic database (HydroBase) (Macdonald  at  al. 2001). While the original data for HydroBase 
climatology is  based on quality controlled historical bottle data of World Ocean Atlas 1994 (Levitus 
1994) and part of data from the World Ocean  Circulation Experiment (WOCE) Hydrographic Program 
 OHO, we added quality controlled high resolution CTD data from World Ocean Data Base 1998 
(Conkright  at al. 1999) after duplicate checks. It is noted that every observation includes both a 
temperature and a salinity measurement. Distribution of the observation stations is displayed in Fig. 
2.2. 
   Using the HydroBase data, temperature and salinity fields on a  0.5° latitude by 2° longitude grid 
were constructed at each standard depth level by isopycnally averaging them.  To smooth out 
small-scale features, both fields were put through a quality check in which observations that differ 
from the average in a  2°  X  12° (latitude  x  longitude) area by more than one standard deviation are
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replaced with the median values. Data gaps where there were fewer than 8 observations in a  2°  X 12° 
(latitude  X  longitude) area were also interpolated with the median values. The observation fields were 
further smoothed using a Gaussian  filter with an e-folding scale of 0.75° in latitude and 2.75° in 
longitude.  Tails of weight function of the Gaussian filter lie within the area of ±  0.5° in latitude and of 
 ±4° in longitude. The used filter substantially smoothes out features with wavelength less than 
approximately 300 km in the meridional direction and 1400 km in the  zonal direction, but preserves 
mesoscale features to resolve narrow multiple zonal bands of eastward  flow. Interpolation over the 
data-poor areas (those with fewer than 8 observations) resulted in fields having no data gaps. 
Statistically, the criterion of 8 points provides us 85 % confidence that a computed mean value will fall 
within one half of a standard deviation from the true mean for a normal distribution of values.
2.3 Variations of SSH in the North Pacific 
2.3.1 Dominant temporal scales 
   In order to survey the dominant temporal scales of SSH variations in the North Pacific, we 
investigated spectral properties in ten representative areas where large variability of SSH is seen (Fig. 
 2.1a). These areas, which are indicated by the rectangles in Fig. 2. la,  geographically correspond to the 
STCC (Areas 1-3), the region north of the Hawaiian Islands (Area 4), the areas encompassing the 
Kuroshio and the  Kuroshio recirculation (Areas 5-6), the Kuroshio Extension (Areas  7-8), the NEC 
(Area 9) and the North Equatorial Countercurrent (NECC) (Area 10). Figure 2.3 shows power spectra 
of SSH anomalies in a variance-preserving form that are ensemble averages of raw spectra calculated 
from the observed time series in each area. All areas, except for Areas 5 and 6, were selected to yield 
110 degrees of  freedom  estiinated from the spatial decorrelation scale, and therefore the 95% 
confidence interval is from 78 to 132 % of the  energy at each spectral period, while those for Areas 5 
and 6 are from 67 to 164 % and from 70 to 155 %, respectively. 
   A significant peak at a period of one year can be identified in all areas. This annual cycle can be 
considered to be caused mostly by seasonal variations of density of the upper ocean owing to surface 
heating and cooling (ie., steric height change). Several other statistically significant peaks are evident. 
A broad band of enhanced energy consisting of several  significant peaks is discernible in a period
15
between 65 and 220 days period in the STCC region. This indicates a dominant temporal scale for 
eddies in the STCC region of about 2-7 months. North of the Hawaiian Islands, the dominant-period 
band appears between 90 and 200 days period, fairly  similar to the periodicity in the STCC region. 
This temporal scale is roughly consistent with the estimate by van Woert and Price (1993). They 
investigated the temporal periodicity of SSH  variations in the region north of the Hawaiian Islands 
using  Geosat-derived SSH data and found dominant signals between 105 and 155 days period. 
   Although the Kuroshio  (Areas 5-6) and Kuroshio Extension are characterized by much larger 
magnitude of the power spectral density over all periods than in the other regions, several significant 
peaks are also found in the period band of 65-220 days.  It is noted that some peaks appear at the same 
period as in the STCC regions. For example, a 120-day peak is common in the western STCC (Areas 
1-2) and the Kuroshio, and a 150-day peak in the western STCC (Area 1), the Kuroshio and the 
 Kuroshio Extension. 
   Turning to the NEC and NECC regions, we can see significant peaks at periods of about 120 and 
180 days in the  NECC. However, in contrast to the spectral shape of the STCC regions, most of energy 
in these regions is concentrated on both the  interannual band of about 2-3 years and the annual 
period. 
 It is necessary to note the influence of tidal aliasing on these spectral features; the merging 
process of data  from the T/P and ERS missions makes quantitative  error estimates of our analyses 
 difficult. In fact, a doubtful peak at a period of  62 days, corresponding to the M2 tidal alias for the T/P 
sampling  (Schlax and Chelton 1994), is observed in the Kuroshio region (Areas 5-6). While this peak is 
outside our focus frequencies, additional examination of the potential errors of tidal aliasing is provided 
in the next subsection.
2.3.2 Energy distribution of SSH variations with a period of 65-220 days 
 (a)  General  featturs 
   In this subsection, we investigate spatial distribution of the energy of SSH variations in the period 
band of 65-220 days. A power spectrum of the SSH anomalies was computed at each grid point, and 
the energy between  65 and 220 days  period was integrated  in the frequency domain and contoured in 
space (Fig. 2.4). As seen in Fig. 2.3, there is a distinct difference in the magnitude of the background
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spectral energy level, which causes  difficulty in interpreting Fig. 2.4. We  estimated a red-noise power 
spectrum by adopting a first-order Markov process as a simple model for the red noise (Gilman et al 
1963), and the confidence level of the integrated energy was determined from both the background 
spectral energy and degrees of freedom based on the spectral resolution. Areas with confidence level 
greater than the 95% level are shaded in Fig. 2.4. Figure 2.5 shows the ratio of the integrated energy to 
the total variance at each grid point. Areas with the  variance of SSH anomalies less than 30  cm2  are 
masked by white because their ratio values are  unreliable. 
   Statistically significant high energy is seen from Fig. 2.4 in the Kuroshio south of  Japan, the 
Kuroshio Extension east of the  Shatsky Rise, the STCC region west of the Hawaiian Islands between 
 18°N and  26°N, the east of the Hawaiian Ridge and the region off the Pacific coast of North  America. 
This result demonstrates that the 65-220 day variations are mostly confined to the subtropical gyre. It 
is obvious from Fig. 2.5 that motions at periods of 65-220 days are most  dominant in the STCC region 
as compared to the other areas. It is also noted that the energy and ratio contours extend from the 
STCC region to the  Kuroshio and the  Kuroshio Extension, suggesting local connections which will be 
discussed in section 2.5. 
   On the basis of Figs. 2.4 and 2.5 the broad energetic STCC band can be subdivided into two 
regions. These  regions are represented by broken lines in Fig. 2.4. The first lies in the latitudinal range 
of  21°  -26°N and extends zonally from the Philippine Sea to about  170°W. The magnitude of the 
energy becomes large to the west with an abrupt increase in energy around the Izu-Mariana Ridge. 
The other region extends  from around  18°N,  145°E to the east and north to just west of the  Hawaiian 
Islands, though there is a region with lower eddy  energy around  165°E within this second region. A 
regional maximum exceeding 50  cm' highlighted in Fig. 2.4 is found between 180° and  160°W along 
 19.5°N. This two-band structure is perhaps more clearly  distinguished in Fig. 2.5. The energy of the 
65-220 day motions in these two regions is more than 50 % of the total  energy. 
   We examined the influence of tidal errors on  these results. The  VP and ERS samplings expect the 
 K1, Pi,  01, M2  and N2 among the major six tide components to induce the tidal aliasing between 65 and 
220 days period  (Schlax and Chelton 1994). In order to examine the tidal aliasing effects, we conducted 
similar integration of spectral energy as the one employed to construct Fig. 2.4 after replacing the 
spectral energy around  these alias periods with the background energy estimated  from a red-noise
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power spectrum. Since it is difficult to separate the aliasing components from the spectral  energy, we 
 decided to replace the spectral energy at the questionable periods for comparison. Though the 
resultant energy is reduced about 10 % from the original integration, the spatial distribution of the 
significant energy is  almost the same as that in Fig. 2.4 and the aforementioned features are all 
retained (figure is not shown). A similar result is had by  excluding the spectral energy around these 
alias periods in the frequency integration. Additional evidence to indicate that the present analyses are 
not seriously affected by tidal aliasing is provided by the zonal wavelengths corresponding to the 
observed signals, which will be presented in section 2.4; the estimated scales are different from those 
predicted from the tidal aliasing.
 (b)  Correspondence to the  multiple bands  of  the  STCC 
   Qiu (1999) demonstrated the importance of baroclinic instability to the generation of variations in 
the STCC region, which implies relationships between the mean flow and the SSH anomalies. To 
examine the climatological feature of the STCC, we computed the sea surface dynamic height 
referenced to 1000 dbar (Fig. 2.6a). The dynamic height climatology suggests three bands of eastward 
flow along roughly  19°  -20°N,  22°  -24°N and  24°  -27°N. The most equatorward of these jets starts 
around  19°N,  160°E and extends toward the west of the Hawaiian Islands. The jet along  22°  -24°N 
extends from the southeast of Taiwan to about  160°E. The most northern jet originates around  150°E 
and becomes indistinguishable from large-scale eastward flow pattern as it flows toward the east. 
   The number of the temperature and salinity observations is quite  scarce in the central region of 
subtropical gyre (Fig. 2.2). However, we do not consider that the presence of the banded structure is 
attributable to inadequacies of observations because of consistency with previous studies. The 
eastward jets detected here are in agreement with the findings of White and Walker (1985) based on a 
number of  temperature data. They showed, using a simple model, that this banded structure could be 
a response of the wind-driven flow to the Hawaiian Archipelago, The two subsurface fronts associated 
with eastward flows around  19°  -20°N and  22°  -24°N have also been confirmed by a recent study 
which employed several repeat hydrographic section data in the western and central part of the 
subtropical gyre (Aoki et  aL 2001). They found that the two fronts with a zonally robust structure are 
respectively located along the southern edge of low potential vorticity water on  different isopycnals,
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and suggested that both  fronts might be inherent boundaries in the ventilated  thermocline. The flow 
west of the Hawaiian Islands also has spatial structures similar to the Hawaiian Lee Counter Current 
that has only recently been identified. Xie et aL (2001) indicated that dipole wind curl in the Hawaiian 
wake drives the eastward current extending all the way into the western Pacific. 
   The density  structures and the zonal geostrophic velocity profiles along  147°E and  173°E are 
presented in Fig. 2.7. The jets are associated with subsurface density fronts characterized by large 
positive gradients in the depth range of 50-400 m and form a strong vertical velocity shear in 
combination with underlying westward flow. Spatial distribution of a vertical shear between the 
surface and 400 m depth  representing a typical layer depth of the westward flow below the surface jets 
(Fig.  2.6b) indicates that the surface jets are approximately coincident with positions of the strong 
vertical velocity shear. 
 To examine correspondence between the jets and the high-energy tongues of the 65-220 days 
variations, we superimposed the  5-cms-1 contour of velocity shear in the STCC region on Fig. 2.5. The 
southern high-energy tongue appears to be aligned with the axis of the eastward flow along  19°-20°N 
(hereafter referred to as the southern STCC region). Moreover, the local energy maximum between 
180° and 170°W can be seen to correspond with the strength of the vertical  shear. On the other hand, 
the northern tongue probably corresponds to a blend of flows along 22°  -24°  N and 24°  -27°  N (hereafter 
referred to as the northern STCC region). The axis of the high-energy tongue at  22°N might be related 
to the flow along  22°  -24°N. In addition, we can see patches of high ratios around  26°N in Fig. 2.5, that 
is,  27°N and  150°  -155°E,  25°N and  155'  -165° E and  several two-degree sized patches along  26°N 
between  170°E and  175°W. They are suggestive of relationship with the flow along  24°  -27°N. 
The geographical agreement of the axis between the multiple STCC and the high-energy tongues of 
the 65-220 days SSH variations indicates that the internal dynamics of the background mean current 
may play a crucial role in generating the  variability. Baroclinic instability that is considered as major 
processes for eddy production (Qiu 1999) requires potential vorticity  gradient to change sign in the 
vertical. The large-scale potential vorticity map  Keifer 1985; Talley 1988) revealed that the STCC 
region satisfies this  necessary condition and is  baroclinically unstable. In addition, the strong velocity 
shear increases the potential for the  instability, and consequently may lead to generation of the high 
eddy activity along the jets.
19
2.4 Properties of  mesoseale variability in the northern and southern 
   STCC regions 
   The spatial distribution of the energy at 65-220 day period reveals the two high-variability 
tongues in the STCC region. We next investigate the dominant zonal scales and propagation 
characteristics in the northern and southern STCC regions using time-longitude diagrams along  22°N 
and  19.5  °  N and the corresponding frequency-wavenumber spectra. Following this, typical zonal 
shapes of SSH  disturbances are examined using composite analyses, and we discuss the  nonlinearity 
of the motions.
2.4.1 Dominant spatial scales and propagation characteristics 
   The longitude-time diagrams of the filtered SSH anomalies are shown in Fig. 2.8.  To highlight the 
dominant signals, SSH anomalies were filtered using a recursive-type band-pass filter with  half-power 
cut-off periods of 50 and 300 days. We discarded the beginning and end of the filtered time series that 
are affected by edge effects of the filter. 
 It is obvious that zonal wavelike structures of alternating positive and negative SSH anomalies 
are propagating westward. Energetic signals are observed west of the Hawaiian  Ridge at 22°N and 
the Hawaiian Islands at  19.5° N. These high-energy bands characterized by wavelike structures 
correspond well to the STCC dynamic height structures (Fig. 2.6). This pattern of eddy energy is 
distinguished from the motions indicated in a time-longitude plot along  21°N by Chelton and  Schlax 
(1996). They detected westward-propagating signals extending across the  full width of the basin from 
the eastern boundary in a frequency band between 0.5 and 2 cycles per year: frequencies lower than 
found in our study (1.7-5.6 cycles per year). 
   Besides internal dynamics of the STCC suggested in the previous  section., Figure 2.8 suggests at 
least two other potential origins of the 65-220 days variations. First, we detect several disturbances 
emerging west of the  Hawaiian. Islands in the southern STCC region, as previously shown by 
Mitchum (1995). This hints at flow response to  bathymetry as a causal mechanism.  However, in some 
cases, these disturbances increase their amplitude as they propagate  westward, which suggests that
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they may be amplified through an instability mechanism of the STCC. Moreover, in many cases, 
disturbances with large amplitudes originate well west of the Hawaiian Islands (west of  165°W) as 
inferred from the energy distribution (Figs. 2.4 and 2.8b). We conclude that disturbances contributing 
to the southern high-variability tongue are mostly related to instability processes of the  STCC. 
   The most salient feature of the propagating signals is generation or amplification of SSH 
disturbances over the Izu-Mariana Ridge. This suggests a relationship between the propagating SSH 
disturbances and the bottom topography. Such behavior over the Mid-Atlantic Ridge in the Atlantic 
Ocean has been reported (e.g,  Iblunalcian and Challenor 1993; Schlax and Chelton  1994; Polito and 
Cornillon 1997), and wave generation mechanisms have been proposed (Barnier  1988; Gerdes and 
 Willaber 1991). We consider that eddy forcing related to flow over bottom topography is essential to 
realize the high-variability tongue along  22° N in the Philippine Sea; understanding its physical 
mechanisms is beyond the scope of the present study and is left for  further investigation. 
 Figure 2.9 shows the frequency-wavenumber spectra of the SSH anomalies between  145°E and 
 180° in the northern STCC region and between 165°E and 160°W in the southern STCC  region. Both 
regions lie east of the Izu-Mariana Ridge where the SSH disturbances are not obviously associated 
with the bottom topography. Since energy of the eastward-propagating signals is much smaller than 
the westward-propagating anomalies (less than 5  cm`'), only the left quadrants of the spectra are 
drawn. High-energy mounds comprised of several spectral peaks in the period band of 65-220 days can 
be seen at wavelengths between 400 and 1800 km. This indicates that SSH variations in the STCC 
regions are characterized by westward-propagating mesoscale variations with long wavelengths. The 
four remarkable spectral peaks (whose signal properties are summarized in Table  2,1) are found in 
both regions, though the signals at 150 days in the northern region and at 95 days in the southern 
region are less significant at the 90 % confidence  level. 
 'lb compare the four spectral peaks with the  Rossby wave motion, we superimposed several 
dispersion relations on Fig. 2.9. The solid curves denote the  first baroclinic Rossby wave in the 
presence of a zonal shear flow, and the broken and thin curves the barotropic and first  baroclinic 
Rossby waves for the simple case of no-mean flow, respectively. These curves were derived as solutions 
of an eigenvalue problem defined  from the quasi-geostrophic potential  voracity equation (see 
Appendix) and drawn under two meridional wavenumber conditions,  1= k and  =  0 Here, I and
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k are the meridional  and zonal wavenumbers,  respectively. It is noted that there was little influence of 
the shear flow in case of barotropic mode unlike baroclinic mode. On the low  frequency side, the two 
 baroclinic-mode dispersion curves (solid and thin curves in Fig. 2.9) show nearly identical behavior, 
and both pass over the energy mound around the  annual period. Notable  difference between them 
appears toward higher frequencies. The curve modified by shear flow departs  substantially from the 
no-background-flow case, and the corresponding maximum Rossby wave frequency for the shear-flow 
case shifts to higher  frequency. Killworth et  al.  (1997) considered a number of factors neglected in the 
standard theory and indicated that the potential vorticity gradient modified by the presence of mean 
shear flow significantly enhances the westward-propagating speed of the  Rossby wave. 
   The spectral peaks at the most low frequency side in both STCC regions are approximately falling 
within the 95 % confidence interval of the shear modified baroclinic dispersion curves under both 
meridional wavenumber conditions. On the other hand, most of the remaining peaks at higher 
frequency are apparently close to the  baroclinic dispersion curve modified by shear flow in case of 
/  =  0  . However, as shown in the next subsection, peaks within period bands of 65-120 days in both 
regions correspond to eddy-like motions, and thus we considered that assumption of isotropic 
wavenumber condition,  1=  k  , may be more reasonable for  these peaks. In case of  1=  k  , while the 
peaks at periods of 110 days in the northern STCC region and 95 days in the southern STCC region 
are close to the shear modified  baroclinic dispersion curve, the other peaks seem to lie near the 
 barotropic curve. This suggests possibility that the motions associated with the high-frequency peaks 
have a barotropic nature. Zang and Wunsch (1999) found that the wave motions at high frequency in 
the North Pacific describe a dispersion  relation that is inconsistent with the standard theory for the 
case of non-mean flow and zero meridional wavenumber. They speculated that the discrepancy may be 
the product of mode coupling between barotropic and baroclinic modes. Further investigation will be 
required to clarify the dynamics of  these high-frequency signals.
2.4.2 Nonlinearity 
 To gain a more insight into the SSH disturbances at the four spectral peaks in the two STCC 
regions, typical  profiles of SSH anomaly and velocity associated with the disturbances were produced 
by a composite method. After extracting the SSH signals at the four peaks along  22°N and  19.5°N
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with a recursive-type band-pass filter, we selected the ten filtered SSH anomaly profiles with the 
largest amplitude for  constructing a composite profile. The profiles of meridional velocity were also 
calculated from the  individual selected SSH anomaly profiles by assuming  geostrophy. The  half-power 
cut-off periods of the band-pass filter employed in this procedure were selected to preserve spectral 
energy at the period of each peak (Table 2.2). The SSH anomaly and velocity profiles were respectively 
averaged along each peak of the SSH anomaly profiles. The resultant composite profiles with respect 
to the 67-day peak in the northern STCC region are shown in Fig. 2.10. 
   The compositing finds that the SSH disturbances are zonally symmetric and that there is no 
 difference in shape between cyclonic and anticyclonic disturbances. These  characteristics are also 
confirmed in the other peaks from both STCC regions (figure is not shown). We determined the typical 
SSH amplitude and  associated meridional velocity anomaly from the composite  profiles in the two 
regions: Table 2.1. The amplitude of the disturbances at the four  frequencies is almost the same (about 
10-15 cm) except for the 86-day signal that has somewhat greater amplitude. The noticeable difference 
among the four disturbances is in their velocity anomalies. The first three signals with shorter periods 
have larger speed than the signal at the longest period. 
 lb grasp physical aspects of this difference,we  examined a steepness parameter,  e defined as a 
ratio of the Eulerian speed of water particles associated with  SSH disturbances to the phase speed of 
the SSH disturbances (Flierl 1981). This parameter relates to the nonlinearity of the SSH 
disturbances; when e is larger than the  unity, a disturbance may be considered  nonlinear. We adopted 
the velocity anomaly as the Eulerian speed and  estimated  e at the four frequencies (Table 2.1). The 
e value of the three signals with wavelengths of about 500-700 km in both regions consistently 
exceeded unity (values  were 2-4). These disturbances may be considered as nonlinear eddies 
characterized by strong advection. This result is of great interest because in case of e    1 particles may 
be trapped and carried along with the propagating eddy.  Flierl (1981) theoretically examined behavior 
of water particles in two-dimensional flow typifying eddy motions, and proposed quantitative relation 
between e and the eddy trapped area normalized by the total area in one wavelength of eddy  AR. 
This relation is expressed as 
                             AR  '-'-'  1—  2(1ne+1+  ln  2)  . 
 ge
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Using this equation, we find that eddies in the STCC regions carry about 25-50 % of the fluid per one 
wavelength. This implies that these eddies contribute greatly to westward transport of heat and 
materials. On the other hand, the  c value of signals having longer wavelengths of about 1200 km is 
 approximately  equal to  unity. These disturbances are therefore more appropriately thought of as 
quasi-linear waves rather than eddies. It should be noted that the terms "eddy" and "wave" used here 
are based on  nonlinearity, that is, whether SSH disturbances have  accompanying material transport 
or not. The term "eddy" dose not necessarily rule out wave motion. In fact, some disturbances described 
here as eddies propagate westward with almost the same phase speed as Rossby waves. 
   These results raise the following question: why do eddy motions with strong advection propagate 
westward at a rate consistent with linear  theory? Discussing the influence of nonlinearity on phase 
speed, Killworth et  al  (1997) mentioned that nonlinear waves act to alter the local stratification, but 
that its local phase speed is precisely equivalent to that of a linear wave with that revised stratification. 
We note that the mean stratification used in the dispersion relation computations (see Appendix) 
reflects a background state  modified by the presence of energetic eddies. This might explain why the 
phase speeds of the nonlinear disturbances we observed are consistent with linear  theory
2.5 Discussion 
   We find that motions at a 65-220 day period contribute significantly to the SSH variations in the 
STCC region, and are commonly observed throughout the subtropical gyre. The geographical position 
of the tongues of enhanced energy at these periods appears to correspond to the multiple bands of the 
STCC, which strongly suggests that the fluctuations relate to the internal dynamics of the STCC such 
as baroclinic  instability. Qiu (1999) examined growth rates for the STCC-NEC system based on linear 
baroclinic  instability  theory, and indicated that the  zonal wavelength of the most unstable wave is 
about 300 km (Qiu 1999, Figure  11), much smaller than what we observed (400-1800 km).  However, 
linear theory probably should not be compared with the dominant scales observed in the present study, 
because linear theory does not cover the nonlinear process that determines at what scales the initial  
waves ultimately equilibrate. 
   Halliwell et  al (1994) investigated the evolution of the most unstable waves in the subtropical
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front of the North Atlantic using a channel version of a primitive equation  model. According to them, 
initially unstable waves grow and evolve into eddies with increasing nonlinear characteristics, and 
then the energy associated with eddies is transferred to longer wavelength through the inverse energy 
cascade process. They also indicated that, while initially unstable eddies are surface intensified, there 
is a tendency for eddies to become more  barotropic with time. 
   The SSH disturbances with zonal wavelengths of about 500-700 km are characterized as 
nonlinear eddy motions (Table 2.1) and possibly as barotropic motions (Fig. 2.9), which indicates a 
dominance of turbulent effects. This leads us to expect that two factors play a role in maintaining 
eddies: the inverse energy cascade and baroclinic  instability. On the other  hand, the  disturbances with 
longer wavelengths of about 1200 km are considered as quasi-linear wave motions (Table 2.1). Such 
large-scale  Rossby wave motions may be directly generated by  Ekman  pumping in the open ocean 
west of the Hawaiian Islands.  However, this  mechanism seems unlikely, because spatial distribution of 
the energy  associated with these waves shows a good  correspondence to the position of the STCC 
(figure is not shown) implying that they are  closely related to the dynamics of the STCC or the 
subtropical front. 
   Although high energy areas at 65-220 day period in the northern STCC region and the Kuroshio 
Extension are separated by areas with low energy around latitude  26.5°N, there are some notable 
regional connections of energy contours between them (Fig. 2.4). In particular connections are 
suggested along the eastern flank of the Izu-Mariana Ridge, around  153°E and the region east of  165° 
E. Cold rings radiated from meanders of the Kuroshio Extension have been documented by many 
authors (e.g., Cheney et  al 1980; Mizuno and  White  1983; Ichikawa and Imawaki 1994). The rings 
formed on the equatorward side were believed to be only cyclonic eddies, but recently Ebuchi and 
Hanawa (2000) suggested that both the cyclonic and anticyclonic eddies are generated in the Kuroshio 
Extension and radiate southward. The energy contours we see might be an indication of an interaction 
between the Kuroshio Extension and the STCC region via radiated eddies. 
   It is reasonable to expect that westward-propagating disturbances with large amplitude in the 
Philippine Sea (Fig. 2.8), generated or amplified by flow  forced through the  Izu-Mariana Ridge, have a 
great impact on the  Kuroshio current. Recently, analyzing altimeter data and the  Kuroshio volume 
transport in the  'Ibkara Strait, Ichikawa (2001) indicated that the Kuroshio transport changes at a
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period of 180 days by capturing part of  westward-propagating eddies along  23°N northeast of Taiwan. 
Yang  et  al (1999) showed using hydrographic and altimeter data that  cyclonic and anticyclonic eddies 
propagating from the ocean interior at an interval of about 100 days bring about decrease and increase 
in mass transport of the Kuroshio east of Taiwan. These studies lead us to speculate that 65-220 days 
signals in the Kuroshio region might be related to similar period disturbances in the STCC region via 
variations of the Kuroshio transport induced by the propagating eddies in the STCC region. In 
addition, a noticeable connection of the energy contour can be seen along the eastern side of the Nansei 
Islands (near  27°N and  133°E in Fig. 2.4). This connection  suggests another direct influence of 
disturbances in the STCC region on the Kuroshio south of Japan. Further analysis will be needed to 
reveal their interaction in this region.
2.6 Summary 
   We investigated statistical properties and spatial distribution of SSH variability in the  zonal band 
of about  18°  -26°N west of the Hawaiian Islands (the STCC region) using 7-years of altimeter data 
from the  T/P,  ERS-1 and  ERS-2 satellites. The major findings are summarized as follows. 
1) Power spectral analyses of SSH anomalies show that the SSH variations in the STCC region 
  contain considerable energy in the period band of 65-220 days. 
2) Spatial distribution of the 65-220 day energy finds that high energy is confined to the subtropical 
  gyre and enhanced in the STCC, the  Kuroshio south of Japan and the  Kuroshio Extension east of 
  the Shatsky Rise. 
3) In terms of the spatial energy distribution of the 65-220 days  variations, the STCC area can be 
  divided into two regions; one located in the latitude range of  210-26°N and extending from the 
  Philippine Sea to about  170°W along  22°N (the northern STCC region), the other extending along 
 19.5°N from around  18°N and  145°E to the west of the Hawaiian Islands (the southern STCC 
   region). 
4) The 65-220 day period motions are  characterized by westward-propagating mesoscale 
 disturbances with wavelengths of 400-1800  km, Four peaks are found in frequency-wavenumber 
  spectra for both STCC regions, some lying near the dispersion relation of the first  baroclinic Rossby
26
  wave in the  presence of the mean shear flow. Energy at high frequency tends to lie near the 
  barotropic Rossby wave dispersion curve. 
5) Investigation of the ratio between the advective and phase speeds of these signals motivates two 
  classifications: nonlinear eddy motions having wavelengths of about 500-700 km and  quasi-linear 
  waves with longer wavelengths of about 1200 km. 
6) Climatological mean dynamic height (0/1000 dbar) exhibits three  narrow bands of eastward flow 
  along about  19°  -20°N,  22°  -24°N and  24°  -27°N. These jets form a strong vertical velocity shear in 
  combination with underlying westward  flow. The most equatorward of the jets follows our 
  southern STCC region, whereas the flows at  22°  -24°N and  24°  -27°N correspond to our northern 
  STCC region. These geographical agreement between the background baroclinic flows and the 
  energetic bands of  variability suggests that baroclinic instability plays an essential  role in the 
  generation of the 65-220 day motions as suggested by Qiu (1999). 
7) The spatial energy distribution and the time-longitude plot of the 65-220 day variations indicate 
  two generative sites: one west of the Hawaiian Islands (for the southern STCC region) and the 
  other over the Izu-Mariana Ridge. The direct contribution of eddies originated at the former region 
  to the southern high SSH variability is considered to be  small. On the other hand, instability 
  associated with flow  forced over bottom topography in the latter region may be important to 








































































   


































































   
































































   

























































































































































































































































































































































































Table 2.2. A list of  half-power cut-off periods of the recursive-type band-pass filter used in the composite 
      analyses (see the text). Period is corresponding to the spectral peaks in the 
      frequency-wavenumber spectra at 22  °  N and 19.5  ° N (Table 2.1).
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Figure 2.1: (a)  Root-mean-square  variability of sea  surface height (SSH) calculated  from the  7-year 
    altimeter data in the North  Pacific.  Contour interval is 2 cm. Areas  exceeding 10 cm are shaded 
 lightly, and those exceeding 20 cm shaded darkly  rIbn  rectangles are  referred to in section  2.3.1. 
    (b) Bottom topography in the North Pacific. The  contours show isobaths of 3 and 5 km.  Areas 



















. 7 ; • ::,f 
   - - . . 
'.• ..ft,„;..::.t. 
il :„.,,,..:, ;...":. • .......: • ••.:, Mr,. • 
rt" trf: ::.:
 1 
1 --,,..,..1.:.::: • - :-- 7 
:::1 , .), • .. I.. .....ri..............,.y.
wm% 
 PC4 !rear 
 5::  .1.:  .














130 140 15o 170  180  190 200 
Longitude ( E)
210 220  230 240 250  2&)
Figure 2.2:  Distribution of stations used in Chapter 2. The number of the stations is  85,672.
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Figure 2.3: Ensemble-mean power spectra of SSH anomalies in the representative areas indicated by 
     rectangles in  Fig.  2.1a, drawn in a  variance preserving  form. The broken vertical lines represent
    65, 120 and 220 days. The 95 % confidence interval at eight areas except Areas 5 and 6 is  from' 
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Figure 2.4: Map of the  energy of SSH  variations  m the period band of 65-220 days. Contours  are draw 
    at 10, 20, 30, 40, 50, 70, 90, 120, 160, 250 and 350  cm'. The  50-cm' contours are shown with 
    thicker lines. Shading indicates areas with significant energy  at. the 95 % confidence level 
    against a background spectral  energy level (see text). The northern and southern broken lines 
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 Figure 2.5: Map of the ratio of SSH  variance in the  period band of  65-220 days to the total variance. 
 Contour interval is  0.1_ Areas where the total variance is less than 30 cm2 are masked. Areas 
    with ratio exceeding 0.3 are shaded lightly and those exceeding 0.5 shaded  darkly. The red 
    dashed line indicates the  5-cms-' contour of vertical velocity shear between the surface and 400 
    m depth (Fig. 2.6b).
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Figure  2.6: (a) Climatological mean sea surface dynamic height referenced to 1000 dbar on a 0.5° 
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1000 dbar is shaded. (b)  Spatial distribution of vertical velocity shear between the surface and 
400 m depth. Positive value means the eastward  shear. Areas with velocity shear exceeding 4 
ems-' are lightly shaded, and those exceeding 8 ems-' are darkly shaded.
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Figure  2.7: Meridional sections of potential density (left panels) and eastward  geostrophic velocity 
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Figure 2.8:  Time-longitude diagrams of the band-pass filtered SSH anomalies (top panels), the energy 
    of the 65-220 day variations and bottom topography (bottom panels) along (a)  22°N and  (b)  19.5 
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Figure 2.9:  Frequency-wavenumber spectra in a variance preserving form at (a)  22°N between  145°E 
    and  180° and (b)  19.5°  N between  165°E and  160°W. Contour interval is 6 cm2. Power spectra 
    are smoothed to  provide 18 degrees of freedom, and the 90 % confidence interval is  from 62 to 
    192 % of energy The scales of both axes are corresponding to spectral resolution. The solid 
    curves denote the first  baroclinic  Rossby wave in the presence of the zonal shear flow.The 
    dashed  and thin curves denote the barotropic and first  barodinic Rossby waves for the case of 
    no-mean flow, respectively. The error bars  indicate the 95 % confidence intervals of the mean 
    eigenvalues (see text).
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Figure 2.10: Composite  profiles of SSH anomaly and meridional velocity at the  67-day peak  in the 
    northern STCC region (Table 2.1). The thin lines indicate standard deviations  from the mean 
 profiles.
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Chapter 3 Two Subtropical Countercurrents in the North 
  Pacific and their nature of instability
3.1 Introduction 
   At the central latitudes of the North Pacific subtropical  gyre, there is a distinctive eastward 
current called the Subtropical Countercurrent (STCC), which is accompanied by subsurface 
temperature and density fronts (Uda and  Hasunuma 1969). Several studies based on synoptic 
 hydrographic observations and/or high-resolution climatological mean dynamic topographic maps 
have demonstrated existence of multiple narrow bands of the eastward flow and the  subtropical front 
 (Hasunuma and Yoshida 1978; White and Hasunuma 1982; White and Walker 1985; Kobashi and 
Kawamura 2001, hereafter abbreviated as  KK; Aoki et  al  2001). 
   The first study that focused on horizontal character of the banded structure was conducted by 
 Hasunuma and Yoshida (1978). They constructed a long-term mean dynamic topographic map using 
available hydrographic data in the western North Pacific east of  170°E and detected three major 
ridges of the topography. Their results showed three separated eastward flows near  19°N,  23°N and 
 28°N. White and Walker (1985) further investigated basin-wide distribution of eastward flow by an 
analysis of historical temperature data and found three bands extending along  20°N,  24°N and  26°N 
from the Philippine Sea to the vicinity of the Hawaiian Archipelago. The flows at  20°N and 26°N are 
relatively distinct, but the flow at 24°N becomes weaker as it approaches the  archipelago and smears 
east of about  170°E. 
   These three bands are roughly consistent with a recent work by  MK. They detected three bands 
along  19°-20°N,  22°-24°N and  24°-27°N by calculating surface zonal geostrophic velocity relative to 
1000 dbar from historical temperature and salinity observations in the mid-latitude North Pacific. 
Their dynamic topography shows that the flows at  22°  -24°  N and  24°-27°N are not persistent east and 
west of around  155  °  E, respectively. Therefore, these two bands can be regarded as one zonally 
continuous flow slightly tilting northward toward the east (see section 3.3.1 for details). This eastward 
flow is hereafter referred to as the northern STCC. The most southern flow at  19°  -20°  N extends from 
about 160°E to the west of the Hawaiian Islands (hereafter referred to as the southern STCC). They 
pointed out that the southern STCC has  spatial structures similar to a current known as the
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Hawaiian Lee Countercurrent (Qiu et a1. 1997; Xie et al. 2001). 
   Most studies paying attention to the multiple bands have been conducted on the basis of surface 
dynamic topography and surface geostrophic current maps; Aoki et al. (2001) paid particular attention 
to subsurface structures of the subtropical fronts and identified two robust fronts using the synoptic 
sections from the World Ocean Circulation Experiment  (WOCE)  Hydrographic Program  (WHP) and 
several hydrographic repeat sections in the western and central part of the subtropical gyre. The 
northern  front is  located typically near 24°N and extends from the most western section (130°E) to the 
international date line. This  front may correspond to the northern STCC shown by  KK. On the other 
hand, the southern front shown by Aoki et al. (2001) extends  from  130°  E to the date line typically 
along  18°N but shifts to near  24.5°N at the  165°W WHP section (near the northwest of the  Hawaiian 
Islands). This southern front is somewhat different from the  KK southern STCC that starts around 
 160°E and reaches a region just west of the Hawaiian  Islands, Aoki et  al. (2001) found that the 
northern and southern fronts appear as the southern boundary of low potential vorticity (PV) fluid 
within the North Pacific Subtropical Mode Water  (NPSTMW; Masuzawa 1969) layer and the 
wide-range density layer around the North Pacific Central Mode Water  (NPCMW; Nakamura 1996; 
Suga et  al. 1997), respectively, and suggested that both fronts exist as inherent boundaries in the 
ventilated thermocline. 
   Several studies based on  altimeter-derived sea surface height (SSH) data indicated that the STCC 
region is characterized by high eddy activity (Kawamura et  al 1995; Aoki and Imawaki 1996; Qiu 
1999; Ducet et  al. 2000).  KK investigated SSH  variations in the STCC region using 7 years of 
multi-satellite altimeter data and found two high-variability areas that correspond well to the 
northern and southern STCC. They indicated that geographical distribution of the large vertical 
velocity shear associated with the two STCCs agrees with that of the high SSH  variability, and 
suggested that baroclinic instability is a major source of the  variability. They also indicated that the 
SSH disturbances in both STCC regions are characterized by mesoscale variability at periods of 65-220 
days and with zonal wavelengths of about  400-1800 km. 
  Analyzing the  TOPEX/POSEIDON (T/P)-derived SSH anomaly data in the STCC region, Qiu 
(1999) found a distinct annual cycle of eddy kinetic energy  (EKT) with a maximum in  April/May and a 
minimum in  December/January. Using a 2.5-layer reduced gravity model and hydrographic data from
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World Ocean Atlas 1994  (W0A94;  Levkas 1994), he investigated stability in the spring and fall  
seasons of a vertically sheared system between the surface-intensified STCC and its underlying 
westward flow associated with northward deepening of the main thermocline. As a result, it was 
shown that the seasonal modulation of the eddy field reflects seasonal  difference in the intensity of 
baroclinic  instability, that is, the spring condition, when larger vertical velocity shear and weaker 
stratification  appear, is more favorable for baroclinic instability than the fall condition. He also found 
an annual cycle of the vertical velocity shear with a maximum in  March and a minimum in October 
and pointed out that a time lag of about two months between the EKE maximum and the maximum 
shear is consistent with the maximum  growth rate under the spring condition. It should be  noted, 
however, that  Qiu's study is based on EKE spatially averaged over the northern and southern STCC 
regions with no detailed discussion about the EKE features in each  STCC region. Furthermore, the 
dynamic height climatology calculated by Qiu (1999) shows only the broad-scale character of the STCC, 
because hydrographic data from  W0A94 are so smoothed that it fails to detect the two STCCs. 
   In this chapter, climatological features and seasonal  variations of the northern and southern 
STCCs, which have not been described in details by previous works, are examined by newly 
constructing climatological monthly and annual mean hydrographic data. In  addition, we examine 
instability of the two STCCs and its relation to seasonal evolution of the mesoscale  variability. A 
significant  difference between this work and Qiu (1999) is that we handle the northern and southern 
STCCs separately. The contents of this chapter are as follows; the data used in this study and the 
analysis procedures are described in section 3.2. In section 3.3, we show climatological mean 
distribution and structure of the northern and southern STCCs and then examine seasonal variations 
of a system between the STCC and underlying westward flow. In section 3.4, seasonal evolution of 
mesoscale SSH variability in the two STCC regions is investigated by  calculating EKE and dominant 
zonal scales  from altimeter-derived SSH anomaly data. Nature of  baroclinic  instability of the STCC 
regions is shown by conducting a linear quasigeostrophic stability analysis in section 3.5. We offer a 
discussion of the results in section 3.6; the conclusions are  summarized  in section 3.7.
42
3.2 Data and processing 
   Climatological monthly and annual mean temperature fields were newly constructed to detect the 
northern and southern STCCs. We used temperature data at standard depths complied in World 
Ocean Data Base 1998 (Conkright  et  al 1999), which contains bottle, conductivity-temperature-depth 
 (CID), mechanical bathythermograph  (MET), expendable  bathythermograph (XBT), digital 
bathythermograph (DBT) and oceanographic station profiles.  'lb increase temperature observations, 
we added data observed by fisheries training vessels during 1988-1995 and part of data from  WHIP 
 after duplicate checks. These data were provided by the National  Research Institute of Far Seas 
Fisheries, Shizuoka, Japan. The number of stations contained in the added data is about 30,000. It is 
only 2.3 % of the total number of stations used in this study, but around the STCC  region (17° -26°N, 
 140°E-170°W) the added data is up to 10 % of the total number. While most observations in the added 
data were archived as standard depth values, the others were linearly interpolated onto the standard 
depth. 
   Distribution of the stations in December when the number of the observations is minimum is 
displayed in Fig. 3.1.  Since most of the observations are confined in the upper ocean, the number of 
observations abruptly decreases below 500 m depth. In this study, before making monthly data set, we 
added the data below 500 m depth in the neighboring months to each monthly  file. This procedure 
may not seriously affect our results because a monthly change in thermal structures of the deeper 
ocean is relatively small. 
   We first constructed monthly mean temperature fields on a  0.5* latitude by  2° longitude grid 
using a median  filter with a search radius of  1° in latitude and  3.5° in longitude. The median filter can 
effectively remove extraordinary profiles associated with eddies. The gridded fields were further 
smoothed using a Gaussian filter with an e-folding scale of  0.65° in latitude and  1.45° in longitude. 
This filter smoothes out features with wavelength less than approximately 350 km in the meridional 
 direction and 700 km in the zonal direction but preserves smaller scale features than the  W0A94 
 climatology. Finally, the monthly data was temporarily smoothed over the adjacent months by a 
 Harming filter. Salinity profiles were estimated at each  grid by using monthly temperature and 
salinity relation derived from  World Ocean Atlas 1998 (Antonov et  al.  1998; Boyer et all 1998). The 
annual mean temperature and salinity were obtained by averaging the monthly  climatologies.
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   In order to examine SSH variations in the STCC regions, we used the Maps of Sea Level 
Anomalies  (MSLA) altimeter products during the  period from October 1992 to December 2000. These 
products are provided by the Collecte  Localisation  Satellites (CLS) Space Oceanography  Division, 
 rIbulouse
, France. The merging data of the T/P and  ERS-1/-2 altimeter measurements are mapped 
onto a regular 0.25°  X0.25° grid in space every 10 clays by a suboptimal space/time objective analysis 
that takes  into account long-wavelength errors (Le Traon et  al 1998). Around the STCC region, the 
spatial correlation scale defined as zero crossing of correlation function is isotropic and approximately 
250  km, and the temporal correlation scale is 15 days. 
   The merging data from the two different altimeter missions provides more homogeneous and 
reduced mapping errors than either individual data set and more realistic SSH and geostrophic 
velocity statistics than T/P data alone (Ducet et  al 2000). However, there is a temporal data gap from 
December 1993 through  March 1995 because of the ERS ice monitoring and geodetic missions. The 
 MSLA product generated from the T/P data alone were used for this period.
3.3 Detection of the STCC and subtropical fronts 
3.3.1 Annual mean distribution and structure 
   Sea surface dynamic height referred to 1000 dbar was computed from the annual mean data (Fig. 
 3.2a). The  dynamic height climatology shows two bands of eastward flow in the latitudinal range of 18 
 -27°N that correspond to the northern and southern STCCs. The northern flow originates around 22° 
N,  130°E and  shifts to the north as it flows toward the east. Its typical surface geostrophic velocity is 
about 3-5  cmsl. As mentioned in section 3.1, this northern STCC was described as two distinct zonal 
bands at  22°  -24°N and  24°  -27°N by  KK. This is  attributable to a heavy smoothing of data used by  KK 
that reduces zonal features with wavelengths less than 1400 km and partially due to sparse 
distribution of temperature and salinity observations used by  KR The southern flow is located 
typically along  20°N, and starts around  150°E and ends abruptly at just west of the Hawaiian  Islands. 
It has large eastward velocity east of around  175°E and the local maximum with more than 8  cms'l 
around  168  °  W. The annual mean geographical locations and intensity of  these two jets are in 
agreement with results of  MC
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   Figure 3.3  displays meridional sections of potential density  ( ae) and eastward geostrophic 
velocity relative to 1000 dbar along  146°E,  168°E and  164°W. The meridional gradients of the  co, 
which are shown by shading in Fig.  3.3a, represent density fronts associated with eastward vertical 
shear. The two surface-intensified STCCs are  accompanied by each strong subsurface front associated 
with a sharp shoaling of the upper  pycnocline toward the north at the depth range of 50-150  m. Below 
the STCCs, there is broad westward flow  associated with a northward deepening of the main 
pycnocline, and the STCC and the westward flow form a vertical sheared system. 
 To  clarify the spatial extent of the two subsurface fronts, we calculated the meridional gradient of 
the temperature and  co at 100 in depth and then  oontoured them in space (Fig. 3.2b). Since  salinity 
hardly  contributes to the upper density field in the subtropics, locations of the density fronts with 
positive maximum approximately agree with those of the temperature fronts with negative maximum. 
The geographical distribution of the northern and southern fronts is almost the same as that of the two 
STCCs, but some notable features are shown by Fig 3.2b. The eastern limit of the northern STCC, 
which cannot be detected from the surface dynamic topography (Fig. 3.2a) due to the presence of 
large-scale eastward flow pattern, can be found around 160°W. In addition, the southern front can be 
traced far to the west around  18°N, 130°E. This westward extent is  consistent with results of Aoki et 
 al (2001). It is noted that there is a remarkable difference in strength of the southern front between 
the west and east of around  175°E. 
   Relation of the northernand southern fronts to the thermocline structure was  examined in order 
to explain a discrepancy in geographical  distribution of fronts between the present study and Aoki et  al 
(2001). Meridional  sections of PV as a function of  co are shown in Fig. 3.3c. The PV  defined as 
 (11  p) (&a9Az) was  computed for each interval between the adjacent standard depths, where f is 
the  Coriolis parameter, p the in-situ  density  Au  6, the potential density  difference and  Az the depth 
interval. Then it was linearly interpolated onto isopycnal surfaces with a  0.05  co interval. 
   The northern front at  146°E and  168°E is obviously located along the southern edge of the low PV 
water with PV less than 2  x  10-11cmls' around  25.3-25.7  co. This low PV water  corresponds to the 
 NPSTMW On the other hand, the southern front at  these sections appears as the southern  boundary 
of the low PV water  spanning a wide density range around 25.3-26.2  a8  . The heavy part, around 
 26.0-26.2  cr6„ of this water  corresponds to the  NPCNIW. These features are in excellent agreement
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 with results of Aoki  et  al (2001). The NPSTMW and NPCMW are formed in the  wintertime deep 
mixed layer south of the Kuroshio Extension and around the northern edge of the subtropical  gyre, 
respectively, and are spread widely to the upper ocean of the subtropical gyre (e.g., Masuzawa 1969; 
Suga and Hanawa 1995; Nakamura 1996; Suga et  al. 1997). Aoki et  al. (2001) discussed generation 
mechanisms of the two fronts in the context of previous theoretical works: the southern front is 
generated by pushing up isopycnals caused by piling up of the low PV water advected on different 
isopycnals (Kubokawa and Inui 1999; Kubokawa 1999). The northern  front is produced by a 
stationary  Rossby wave emanating from the northwestern corner of the subtropical gyre (Kubokawa 
1997). 
   However, the above-mentioned relation greatly changes toward the east. At the PV section along 
 164°W where the low PV water corresponding to the NPSTMW does not  appear, the northern front 
around  25°N appears as the southern boundary of the low  PV  water around  25.9-26.4o-  6, including the 
 NPCMW. This feature is also consistent with results of Aoki et al. (2001) based on an analysis of  165° 
W  WI-IP section data, but they defined this front as the southern front in terms of the low PV 
structures. With respect to the southern front at  19.5°N  in this  study, there is no notable relation to the 
PV  structure. This southern front also appeared in the  165°W  WHP section drawn by  Aoki et  a! 
(2001), though they did not pay attention to this  front. 
   These results indicate that characteristics of the northern and southern fronts are essentially 
different between their eastern and western portions. Investigation of the location of the fronts on the 
basin-wide PV map (not shown) have suggested that the southern front related to the low PV 
structure is limited west of around  175°E and that the transition zone of the northern front in relation 
to the low PV structure is located around the international date line. In fact, the strength with regard 
to the southern  front is largely different between the west and the east around 175°E (Fig. 3.2b). 
Furthermore, as we will discuss in section 3.3.2, seasonal variations of the STCC are different in the 
west  and east. 
 It is interesting that the eastern portion of the southern front has no notable relation to the low 
PV structure. The generation mechanisms discussed by Aoki  et  al (2001) cannot explain the presence 
of this eastward current. This may correspond to the Hawaiian Lee Countercurrent. Xie  et  al (2001) 
investigated the Hawaiian Lee Countercurrent using  satellite data and several ocean models and
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found that this eastward current is generated by wind  forcing. The  Hawaiian Islands under the 
northeasterly trade wind induces a wind wake trailing westward that drives the eastward current in 
the lee of the Hawaiian Islands.
3.3.2 Seasonal variation 
   There are quite a few studies investigating the seasonal variation of the  STCC. White et  al. (1978) 
computed monthly mean dynamic height referenced to 200 dbar from temperature/depth data in the 
western and central Pacific, finding a seasonal cycle with a maximum in spring and a minimum in fall. 
They also pointed out tendency that the eastward current is located farther north when it is strong and 
farther south when it is weak. The surface geostrophic velocity relative to 200 dbar roughly represents 
strength of subsurface subtropical  fronts (Fig. 3.3a), in other words,  vertical velocity shear between the 
STCC and the westward flow This seasonal cycle is similar to the results by  Qiu (1999) who showed a 
seasonal cycle with a maximum in late winter and a minimum in  fall.  However, dynamic height 
 climatologies by White  et  al. (1978) also fail to detect the northern and southern STCCs. 
   Figure 3.4 shows monthly mean sea surface dynamic height  and surface eastward  geostrophic 
 velocity.  It is obvious that the two bands of the eastward current are very persistent throughout a  year 
For the purpose of detecting  their seasonal variations, we calculated zonal averages of the surface 
zonal geostrophic velocity between  140°E and  160°E,  160° E and  180°, and 180° and  160°W at each 
month (Fig. 3.5). In order to investigate whether  these zonal averages over a broad band of  20° 
longitude represent the "true" seasonal cycle, we calculated zonal averages based on a stream 
coordinate where an axis of the eastward current is regarded as the origin of the along-section 
 coordinate  (figure not shown); it is also confirmed that major features in Fig. 3.5 are seen in the 
stream-coordinate zonal average. 
   The most remarkable feature is that the seasonal cycle of strength is largely different between the 
western and  eastern portions of the northern and southern STCCs. While there is no clear seasonal 
cycle of the southern STCC west of the international dateline where the southern STCC is related to 
the low PV structure, the southern STCC west of the Hawaiian Islands shows a pronounced seasonal 
cycle: the eastward current is strong in summer (July) to winter (February) and weak in spring (April 
to June). The northern STCC in the western Pacific (140°  -160° E) also shows a distinct seasonal cycle.
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The eastward  current is strong  in winter  (February) to summer (August) and weak in fall (October to 
November). However, this phase of the  seasonal cycle seems to be gradually propagating toward the 
east, and in the region between  180° and  160°W stronger eastward flow appears  in summer to spring. 
Another notable feature is that both STCCs have no distinct seasonal meridional displacement, which 
is different from results by White eta'. (1978). These features can be  also seen in the monthly dynamic 
topographic map (Fig. 3.4). 
   In this study we focused on the northern STCC between  140°E and  160°E and the southern 
STCC between  180° and  160°W, because these areas are characterized by larger mesoscale SSH 
variability than elsewhere in the  STCC region  (KW. The seasonal variations at a central latitude of 
the northern STCC  (23.5°N) and southern STCC  (19.5°N) were extracted  from Fig. 3.5 and shown by 
thick lines in Fig. 3.6, together with 95 % confidence interval of the mean values. The northern and 
southern STCCs have a significant seasonal cycle with the peak-to-peak amplitude of 3.7 and 5.4  cms-', 
and its annual mean velocity is 4.0 and 6.3  ems', respectively. This  means that the northern and 
southern STCCs fluctuate through the seasonal cycle by a maximum amount of  46 and  43 % 
about the annual mean, respectively. 
   In order to examine how the seasonal variations of the surface-intensified STCCs are relating to 
changes in internal oceanic structures, we computed zonally averaged temperature and salinity 
 profiles at each month and contoured  co, meridional gradient of the  co and zonal geostrophic velocity 
at  19.5°N for the southern STCC and at  23.5°N for the northern STCC (Fig. 3.7). Notice that the 
surface velocity computed from the zonally averaged temperature and salinity data is reasonably 
equal to the zonally averaged surface velocity in Fig. 3.5. 
   The seasonal variation of the surface STCCs is closely associated with strength of not only 
subsurface front but also surface front within the mixed layer depth. While the subsurface front stays 
throughout a year with large changes in strength, the surface front is identified only in late fall to 
winter and disappears in late spring to  summer. Unlike the former, the latter is obviously governed by 
the mixed layer  dynamics; their  frontogenesis and  frontolysis are primarily in response to  Ekman 
convergence and differential surface heating  (Kazrnin and Rienecker, 1996; Dinniman and Rienecker, 
1999). Another remarkable feature is existence of a seasonal cycle of the westward flow below the 
STCC.
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 To observe these features  quantitatively, we calculated zonal velocity at a central depth of the 
westward flow, and vertical shears of  zonal velocity between the sea surface and the central depth of 
the westward flow and between a depth of base of the mixed layer and the central depth of the 
westward flow. These time series are shown in Fig.  3.6.  On the basis of thermal wind relation, vertical 
velocity shear between the sea surface and the westward flow represents strength of the subtropical 
front containing the subsurface and surface  fronts, and vertical velocity shear between the base of the 
mixed layer and the westward flow represents strength of the subsurface front  alone. 
   The northern subtropical front shows a maximum in winter (February) to early spring (April) and 
a minimum in fall with an annual mean velocity of 6.0  cinsl and a peak-to-peak amplitude of 3.2 ems'. 
This seasonal cycle is very similar to Qiu's (1999) results, though the mean velocity and amplitude 
reported by Qiu (1999) is slightly smaller than that in this study. On the other hand, the southern 
subtropical  front has a quite  different seasonal cycle with a maximum in fall (October) to early winter 
(January). Its  annual mean velocity and peak-to-peak amplitude is 8.2 and 4.2  ems',  respectively. 
   The  surface front in the mixed layer depth greatly contributes to strength of the subtropical front 
during late  fall to winter. The maximum  contribution rate is 30.7  % in February of the northern STCC 
and 32.1 % in January of the southern STCC. In contrast to the surface front, the subsurface front is 
strong in late winter (March) to  summer (August) in the northern STCC and in summer (July) to fall 
(December) in the southern STCC.  It is interesting to note that the southern subsurface front is 
abruptly intensified in July and the relative strong hunt is maintained until December. This feature 
seems to be consistent with generation mechanism proposed by Xie et  al (2001), which is briefly 
discussed in a last paragraph of this section. 
   The westward flow in the northern and southern STCC regions also shows a seasonal cycle with 
an annual mean of —2.0 and —1.9  cms1 and peak-to-peak amplitude of 1.9 and 2.1  cms-', respectively. 
The amplitude is much small, but as shown in Fig. 3.7, a pattern of the seasonal cycle is rather 
systematic. The westward flow weakens from winter to summer in the northern STCC and from early 
spring to fall in the southern STCC. This weakening of the westward flow roughly coincides with 
intensification of the subsurface subtropical front, which suggests that a barotropic nature of the 
STCCs is enhanced during this period. This feature is partially supported by results of Aoki et  al 
 (2001). Using hydrographic repeat section data along  155°E observed in June, they calculated mean
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zonal  velocity profiles by using a stream coordinate. Their result depicts the northern STCC extending 
to a depth of at least 1000 m. 
   It might be expected that the seasonal variations of the STCC and its  accompanying subsurface 
front is closely associated with seasonal changes in the NPSTMW and NPCMW or wind fields around 
the Hawaiian Islands for the eastern portion of the southern STCC. In fact, we may reasonably 
explain the seasonal cycle of the southern subsurface  fronts west of the Hawaiian Islands by taking 
 account of seasonal meridional immigration of a northeasterly trade wind and generation mechanism 
by Xie  et  al (2001). The Hawaiian Islands are exposed to a prevailing northeasterly trade wind during 
summer to fall, which effectively forms a wake of weak wind behind the Hawaiian Islands. This wake 
 generates a dipole  structure of the wind stress curl, and consequently, leads to strong subsurface  front 
associated with the eastward current west of the Hawaiian Islands  during summer to fall. The 
detailed analysis for physical mechanism dominating the seasonal cycle of the southern and northern 
STCCs is left for future  works.
3.4 Seasonal evolution of mesoscale SSH variability in the northern and 
   southern STCC regions 
  The eddy field in the STCC region is  characterized by a distinct annual cycle of EKE (Qiu 1999). 
In this section, focusing on the individual STCC regions, we examine seasonal variations of dominant 
zonal scale of mesoscale variability as well as EKE and provide evidence for physical process 
responsible for generating mesoscale SSH  disturbances. 
 To highlight mesoscale SSH  variability a  recursive-type high-pass filter with half power cutoff 
period of 300 days was applied to the  time series of the SSH anomaly at each grid point. The EKE was 
estimated from the filtered SSH anomalies,  h'  , by making the assumption of geostrophy: 
 EKE  +  v'2), 
 2 
 g  °11' 
 .f  ay
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                    f where  u' and  V denote the zonal and meridional surface geostrophic velocity anomalies, f is the 
Coriolis parameter and g is the acceleration due to  gravity. Then, the  EKE was averaged in an area 
between  21°  -26°N,  140°  -170°E for the northern STCC and between  18'  -20°N,  170°E-160°W for the 
southern STCC. These areas were  determined from energy  distribution of SSH disturbances (Figs. 2.4 
and 2.5). The time series of the area-averaged EKE are shown in Fig. 3.8. The beginning and end of 
the time series that are affected by edge effects of the filter were discarded. It is shown that the EKE in 
the northern and southern STCC regions has a similar annual cycle. The northern STCC region is 
characterized by a clearer annual cycle with larger amplitude than that in the southern STCC, but the 
annual  cycles in the two STCC regions have almost the same  phase with a maximum in  April to June 
and a minimum in December to  January. This annual cycle is in good agreement with results of Qiu 
(1999). 
   Dominant zonal scales  (A„A,) were computed  from surface geostrophic velocity anomalies 
 (u,  v) calculated from the unfiltered SSH anomalies by using an equation, 
                  ff                                        {Err,E,)dk dl 
 filki>A(E„  ,E,).Ikidk  di 
where  (Ell  ,E,)is the spectral energy of the (u,  v) map in the area used for an  area-averaged EKE, 
     a minimum zonal wavenumber and k and  I are the  zonal and meridional  wavenumber  To 
reduce signals associated with variability of mean flows, the  kminwas et to 1/16 (Cycles /Deg. Lon.) 
that corresponds approximately to lower limits of zonal wavenumber associated with mesoscale 
variability in the STCC regions  (1  K). It is noted that the values of the dominant scales calculated by 
the above equation represent a center wavelength of the spectral energy rather than the actual scale of 
SSH disturbances. These time series are shown in Fig. 3.8. The magnitude of the  2, is systematically 
smaller than that of the  2„, which reflects anisotropy of the  mesoscale  variability. Generally, the 
spectral energy of meridional velocity anomalies is smaller on long wavelength side than that of zonal 
velocity anomalies due to the presence of Rossby waves. 
   Figure 3.8 displays an identifiable seasonalcycle of the dominant zonal scales. In the northern 
STCC region, the seasonal cycle may be clearly identified uring 1996, 1997 and 2000, roughly with a
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minimum in February to March and a maximum in July to  October. This cycle appears with a near 
in-phase relationship of the  2.„ and  2,  . In the southern STCC region, the seasonal cycle is more clearly 
shown by the during 1996-2000, but the  .1„ also seasonally fluctuates with a tendency to 
synchronize with the  2,.. It is noted that the phase of the seasonal cycle is very similar between the 
northern and southern STCC regions. 
   The observed seasonal change in the  2,, and 2, suggests that small-scale disturbances during 
late winter tend to increase in  zonal scales with time. This tendency was confirmed on synoptic maps 
of SSH anomalies. As an example, we drew three maps of SSH anomalies around the northern STCC 
region during 1997. Figures 3.9a, b and c represent typical maps at stages with the shortest zonal scale, 
the maximum of the EKE and the longest  zonal scale, respectively. Eddy-like disturbances with an 
approximately circular shape and relatively small amplitude (Fig. 3.9a) are propagating westward 
with  increasing their size (Fig. 3.9b, see the movement of disturbances indicated by  arrows). 
Simultaneously, the disturbances increase their amplitude, which lead to the  EKE  maximum at this 
time. Subsequently, the disturbances further increase their  zonal scale and evolve into wave-like 
disturbances with an anisotropic shape (Fig.  3.9c). A  careful tracing of  inclividi al disturbances shows 
that the scale-up occurs through coalescence and/or growth of disturbances. 
   The typical seasonal cycle of the EKE and the dominant zonal scales was estimated by fitting the 
time series (Fig. 3.8) to  annual and semiannual  harmonics after interannual components obtained by 
a running mean of 370 days were removed from each time series. This result is shown in Fig.  3.10. The 
harmonics of the EKE in the northern and southern STCC region accounts for about 80 and 61 % of 
the total EKE variance, respectively, and that of the dominant zonal scales also accounts for a large 
portion of the total variance (Table 3.1). 
   The point we wish to emphasize is that the minimum of the zonal scales leads the EKE 
maximum by about 2-3 months. This feature can be also identified in Fig. 3.8. If disturbances increase 
in their scale without changes in their amplitude, the EKE will gradually decreases because EKE is 
determined only  from amplitude and scale of disturbances. Thus we can expect that amplitude of 
disturbances, in other words, nonlinearity is strongly enhanced at  least by the stage with the EKE 
maximum. In fact, SSH disturbances with zonal wavelengths of  500-700 km, which  are dominantly 
observed at the stage with the  EKT maximum (Fig.  3.9b), are characterized by nonlinear eddy
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motions with strong advection  (KK). 
   Another point to be noted here is that the seasonal evolution of the mesoscale variability in the 
northern and southern STCC regions shows almost the same behavior in spite of great differences in 
the seasonal cycle of mean fields. This feature  will be physically explained in the next section.
3.5 Instability of the northern and southern STCC regions 
3.5.1 Stability analysis 
   In order to discuss baroclinic instability of the two STCC regions, we  conducted a linear 
quasigeostrophic stability analysis using a three-layer model ocean in which each layer has the density 
 p„, the mean thickness  H„ and the mean zonal velocity  U„. We assumed that the upper layer 
(n  =1) and the middle layer (11  =  2) represent the STCC and the westward flow, respectively, and the 
lower layer (n  =  3) has no motion  (U.,  =  0) . The quasigeostrophic PV equations governing 
perturbation streamfunction  On are expressed as follows:
where
( a +u a 1V2 d_a0,fi ± F2 arax 0, + F2H, (02  0)111:1-AU^ 
          -a-7,a:7202 - F2(0201) + F1-11111(03 -02)  +                                        H, 
      a0, 
 ayP-F2(U,Fl  H3  (U2  -U,)  =0  , 
 a  ra0   —F3(03 —02  )1+3113-F,(U 2 -U 3)j= 0 , 
                       ax
 P„ -  Pn-i
 PO
 and  g,', = g
       2 
F         0---- .1   17
g;',H
-U7) =0  (1a)
 (lb)
 (lc)
Here  /3 is the meridional derivative of the Coriolis parameter  .f0,  po is the reference density and  g'„ 
is the reduced  gravity. This model has been used by Halliwell et  al (1994) to examine stability of the 
 subtropical  front zone in the  North  Atlantic.  If  we take  03  -40  ,  U.,  ->  0 and  H,  --->  , this  model  is 
reduced to a 2.5-layer reduced gravity model used by Qiu (1999). Compared to the 2.5-layer reduced
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gravity  model, the  three-layer model has the advantage of three vertical degrees of freedom for 
unstable waves. As shown  in the section 3.5.2, however, unstable waves trapped in the lower layer are 
not important for the system between the STCC and the westward flow, and therefore, the obtained 
instability properties show some similarities to results of Qiu (1999). 
   It should be noted that the PV equations (1) are based on the assumption of meridional uniformity 
of the mean velocity  U„ . This assumption excludes barotropic instability associated with surface fronts 
with outcropping  isopycnals from our considerations. Inspecting monthly hydrographic data  from 
 W0A94, Qiu (1999) pointed out that the surface front is located to the north of the high EKE band in 
 all seasons and suggested that the energy  source of the EKE does not reside in the surface front. We 
also examined monthly meridional sections  from our dataset  (figure not shown). While the indication 
by Qiu (1999) is confirmed in both STCC regions in all seasons except  winter, the  wintertime surface 
front lies nearly at the same latitude as the subsurface front, as inferred from large contribution of the 
surface front to the STCC during winter (Fig. 3.6), and is located along the high EKE band. Under 
such a condition, there is possibility of barotropic or mixed  baroclinic-barotropic  instability. In the 
present study, however, we will focus on instability nature associated with  baroclinicity of the STCC. 
   Given solutions of the form 
 0,,  =  A„  exp  /Oa  t  lv  —  ket), (2) 
where  Anis the amplitude of perturbation with k and  / the zonal and meridional  wavenui-nber, 
respectively, and assuming isotropy of perturbation k =  I  , we defined an eigenvalue problem by 
substituting equation (2) into the PV equations (1). The stability of the northern and southern STCC 
regions can be examined at each month by solving the eigenvalue problem. 
   The used parameters were estimated from the monthly hydrographic data. The layer thickness 
 H,,  was considered as a constant throughout a year (Table 3.2), which may be justified by the velocity 
profiles in Fig. 3.7. The mean zonal velocities,  U  1 and  U , were adopted from the time  series in Fig. 
3.6. The density  p„ was obtained by averaging density within each layer depth (Fig. 3.7), and then we 
calculated the  g',,. While the  g was constant throughout a year (Table 3.2), the  g; shows a seasonal 
cycle (Fig. 3.6). Since the  g;  represents stratification near the surface, its seasonal cycle reflects 
development of a mixed layer and a seasonal pycnocline. The thick mixed layer with denser water 
during late fall to winter causes the smaller  g; and the seasonal  pycnocline during spring to early fall
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causes the larger  g  2'  . 
   The growth rates,  ke  , as a function of zonal wavenumber k in February and June are shown in 
Fig. 3.11, as an example. The maximum growth rate in February is much larger than in June and the 
growth rate curve is more broad-banded. These features indicate that the instability in both STCC 
regions varies seasonally. Gill et al. (1974) pointed out that the seasonal changes in the hydrographic 
conditions have important effects on the growth of disturbances using a continuously stratified 
 baroclinic instability model and idealized hydrographic profiles, which is consistent with our results. 
   The maximum growth rate, the e-folding time scale and the zonal wavelength of the most 
unstable wave were summarized at each month in Fig. 3.12. While there is little  difference in the zonal 
wavelength throughout a year, the maximum growth rates undergo a remarkable seasonal change. 
The maximum growth rates become larger during winter in the northern STCC and during late fall to 
winter in the southern STCC and then decrease in the  spring season. In the summer season, the 
northern STCC region is stable to perturbations, and likewise the southern STCC region is 
characterized by relatively small growth rates. This indicates that both STCC regions become 
 baroclinically more unstable during almost the same season. In addition, the e-folding time scale and 
the zonal wavelength during this period were approximately 65 days and 330 km in the northern 
STCC and  76 days and 420 km in the southern STCC, which indicates similarities of the instability 
properties between the two STCC regions. Probably almost the same behavior of the seasonal 
evolution of mesoscale variability in both STCC regions as shown in section 3.4 is a manifestation of 
these  similarities. It is noted that these instability properties are quite similar to Qiu's (1999) results 
derived from the parameters in the spring condition. He obtained the most unstable wave with an 
e-folding time scale of 64 days and a zonal wavelength of about 300 km. 
   It is interesting to note that appearance of the large maximum growth rate is approximately 
coincident with that of a minimum of the dominant zonal scale (Figs. 3.8 and 3.10). In addition, a time 
lag about 2-3 months between the large maximum growth rate and the EKE maximum is roughly 
consistent with the  e-folding time scale of the most unstable waves, as  previously described by Qiu 
(1999) who derived the similar relation from the EKE and the vertical velocity  shear. These notable 
features give insight into generation processes of mesoscale disturbances, which will be discussed in 
section 3.6.
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3.5.2 Major factors determining the nature of instability 
   Qiu (1999) obtained a stability criterion for the system between the STCC and the westward flow 
by analytically solving an eigenvalue problem, and indicated that a stronger vertical velocity shear and 
a weaker stratification bring about conditions favorable to  baroclinic  instability. In his stability analysis, 
the mean velocities of the STCC  U,  and the reduced gravity  g; were variables, and the westward 
flow U, was a constant.  In contrast, the present analysis treats the  U, as a variable on the basis of 
hydrographic data (Fig. 3.6). In this section, sensitivity of these three variables to the  instability 
 properties was examined to reveal major factors causing the larger maximum growth rates during 
winter in the northern STCC and during late fall to winter in the southern STCC. 
   We first investigated dependence of maximum growth rates and zonal wavelengths on the 
vertical velocity shears,  SI  =  U,  —U2 and S, =  U2  -U3 using the  g; from February and August in 
the northern STCC region (Fig. 3.13). The  SI and  S2 represent strength of the subtropical front and 
the main pycnocline, respectively. In spite of  great difference in magnitude of the  g;  , distribution 
patterns of the maximum growth rate and the zonal wavelength are broadly similar between 
February and August. The stable  region is primarily located in the upper-light quadrant of the shear 
space. This reflects effects of on stability of eastward flow. In the  lower-light quadrant that 
corresponds to a situation typical for the STCC region, the mean field is unstable except a triangular 
region on the smaller  S, and  S, side. The notable feature is that this unstable region is clearly 
separated into a region where waves with a longer wavelength are dominant and a region where 
waves with a shorter wavelength are dominant. Sensitivity of the  SI and  Si to the maximum growth 
rates is also  different between the two regions. While the longer wavelength mode is sensitive to the 
strength of the main pycnocline, the shorter wavelength mode is sensitive to the strength of the 
 subtropical. front except a region along the boundary between the stable and unstable regions. The 
presence of this transition agrees with results of Halliwell et  al. (1994) who gave similar plots using 
parameters for the subtropical front  in the North Atlantic. Investigation of vertical structures of 
perturbations shows that the shorter (longer) wavelength mode corresponds to perturbations with the 
largest amplitude in the middle (lower) layer (figure not shown). 
   Around the parameters denoted by stars in Fig. 3.13, unstable waves are the shorter wavelength
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mode, and the maximum growth rates are primarily sensitive to strength of the subtropical front  S. 
In case of August (Fig.  3.13c), the parameter lies nearly on the boundary between the stable and 
unstable regions. There the growth-rate contours are followed approximately by  SI  = S,  +const., and 
apparently, the growth rates are sensitive to the  S, as well as the  SI. However, once the parameter 
 sufficiently departs from the stable region, the maximum growth rates become sensitive to the  S, 
rather than the  S. This means that the westward shear S2 is not much important for the growth 
rates but necessary for the mean field to be unstable. The similar features were obtained even if we use 
  from the other months in the northern and southern STCC regions. 
 'lb  examine effects of the  g„' on the stability properties, we calculated difference in the maximum 
growth rates in the shear space between February and August, i.e., February minus August (Fig. 3.14). 
While a region associated with the longer wavelength mode shows negative values, a region 
representative of the system between the STCC and the westward  flow, which is characterized by the 
shorter wavelength mode, shows positive values. This indicates that the strong stratification near the 
surface suppresses (enhances) unstable waves trapped with the middle (lower)  layer. Another effect of 
the strong stratification is that the stable  region due to stabilizing effect of  fi is enlarged toward larger 
 S,, which also acts to stabilize the system. 
   The above results may be reasonably interpreted in terms of the mean meridional PV gradient 
that is an important criterion for the necessary condition for baroclinic  instability. The magnitude of 
vertical velocity shears and reduced gravities can be replaced by a slope of interfaces between each 
layer,  i.e., the subtropical front and the main pycnocline. Using thermal wind relation, the slope can be 
expressed as 
 (dp/Ay)/(AP/Az)=  ./0 
The slope is  directly relating to the meridional PV gradient of each layer (see the second bracket in the 
equations (1)). For the system between the STCC and the westward flow, the presence of both larger 
eastward shear  SI and weaker stratification ear the surface  g"2, which were observed during winter 
in the northern STCC and during late fall to winter in the southern STCC (Fig. 3.6), effectively 
intensifies the slope of the subtropical front and enhances a contrast between positive meridional PV 
gradient in the upper layer and negative meridional PV gradient in the middle  layer It is evident hat 
this gives conditions more favorable to baroclinic  instability. On the other hand, the effects of a smaller
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vertical velocity shear  S1 and a  stronger stratification  g on the slope of the subtropical front weaken 
the meridional PV gradient in the upper and middle layers and decrease the potential for  baroclinic 
 instability
3.6 Discussion 
   In spite of largely different seasonal cycle of vertical velocity  shear, both the northern and 
southern STCC regions become baroclinically more unstable around winter due to strong vertical 
velocity shear and weak stratification near the surface. The linear stability analysis predicts most 
unstable waves with an  e-folding time scale of about 2-3 months and a zonal wavelength of about 
300-400 km. The e-folding time scale was in agreement with a time lag between the large maximum 
growth rate and the  EKE maximum. Since the e-folding time scale represents the length of time that 
unstable waves need to fully grow, this result is also consistent with a tendency of SSH disturbances to 
increase their amplitude during late winter to spring (section 3.4). 
   On the other  hand, the zonal wavelength predicted by the stability analysis is much smaller than 
wavelengths of mesoscale disturbances observed in altimeterderived SSH anomaly maps  (K10. 
However, the results of linear theory should not be compared with the observed scales because the 
linear theory does not cover the nonlinear process that  determines at what scales the initial unstable 
waves ultimately equilibrate. Alternatively, it was found that the dominant zonal scale of SSH 
disturbances is shortest in late winter  and becomes longer with time. The  shift toward longer 
wavelengths implies an inverse cascade of energy predicted by geostrophic turbulent theory (e.g., 
Rhines 1975, 1977;  Halliwell et  al 1994). Maybe the nonlinear interaction results in structures with 
larger scales than  linear theory predicts. Based on these features, we proposed generation processes for 
mesoscale disturbances as follows: linear perturbations primarily generated through  wintertime mean 
fields that are more favorable to baroclinic instability grow with increasing nonlinear characteristics 
and evolve  into eddies that lead to the EKE maximum during spring. Simultaneously, the eddy energy 
is transferred to longer wavelengths through the inverse cascade process, which makes the mesoscale 
variability observable by the altimeters. 
   The inverse cascade process may give a likely explanation for the scale-up. However, according to
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 geostrophic turbulent  theory, eddy variability  and mean zonal flow have a tendency to become 
barotropic as the inverse cascade process goes on.  KR calculated dispersion relation of SSH 
disturbances from altimeter data and suggested possibility that eddy motions have a barotropic nature. 
In addition, the present study showed that the westward flow weakens  from winter to summer in the 
northern STCC region and from early spring to fall in the southern STCC region (Fig. 3.6). The 
weakening of the westward flow coincides with intensification of the subsurface subtropical front, 
which suggests that the system  formed by the STCC and the westward flow increases its barotropic 
nature after the winter season. These features are consistent with the expectation from the geostrophic 
turbulent  theory. Further studies including other mechanisms such as eddy-mean flow interaction are 
needed to clarify physical mechanism enhancing the barotropic nature of the STCC.
3.7 Summary 
   The present chapter discussed climatological features and instability of the North Pacific STCC 
and their relation to seasonal evolution of SSH disturbances, focusing on the detailed structures of the 
STCC. In order to detect banded structures of the STCC, we constructed new hydrographic dataset 
preserving small-scale features of the STCC. The seasonal evolution of mesoscale SSH variability was 
investigated by using a 8-year record of altimeter measurements by the  TfP,  ERS-1 and ERS-2 
 satellites. The major results are summarized as follows. 
1) The annual and monthly mean dynamic height climatologies confirmed two robust eastward 
  currents. The northern STCC extends typically along  24°N from  130°E to  160°W and slightly 
  shifts to the north as it flows toward the east. The southern STCC is located typically along  20°N 
  and extends  from about  150°E to just west of the Hawaiian Islands. In  terms of relations to low 
  PV structures, it was shown that the two STCCs have  different characteristics between their 
  eastern and western portions. Both the western portion of the southern STCC and the eastern 
  portion of the northern STCC have the  subsurface  front located along the southern boundary of 
  the low PV water typically characterized by the  NPCMW. On the other hand, the western portion 
  of the northern STCC is characterized by subsurface front along the  southern boundary of the low 
  PV water defined as the  NPSTMW, and the subsurface  front associated with the eastern portion of
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  the southern STCC shows no notable relation to the low PV structures. 
2) Focusing on the northern STCC in the western Pacific  (140°  -160°E) and the southern STCC west 
  of the Hawaiian Island  (180°  -160°W), we found that the seasonal cycles of the surface STCC are 
  quite  different between the two regions: the northern (southern) STCC is strong in winter 
  (summer) to summer  (winter) and weak in fall (spring). The seasonal variation is associated with 
  strength of not only the subsurface front at a depth of 50-150  m but also surface front within the 
  mixed layer during late fall to  winter. It was found that the westward flow below the STCC also 
  has a seasonal cycle. The weakening of the westward flow roughly coincides with the 
  intensification of the subsurface  front, which suggests that the system  formed by the STCC and 
  the westward flow  increases its  barotropic nature during this time. 
3) The seasonal evolution of  mesoscale SSH  variability in the northern and southern STCC regions 
  was investigated by calculating time series of the EKE and the dominant zonal scales from 
  altimeter  data. Both the EKE and dominant zonal scales show an annual cycle with a near 
  in-phase relationship between the northern and southern STCC regions. The  EKE is a maximum 
  in spring and a minimum in fall, and the dominant scale is shortest in late winter and becomes 
  longer with  tune. The tendency of SSH disturbances to shift toward longer wavelengths was 
  confirmed on synoptic maps of SSH anomalies. These results indicated that nonlinear 
  characteristics of disturbances are strongly enhanced at least from late winter to spring. 
4) A linear quasigeostrophic stability analysis  using a three-layer model indicates that the northern 
  and southern STCC regions become  baroclinically more unstable during winter and late fall to 
 winter,  respectively, due to strong vertical velocity shear and weak stratification between the 
  STCC and the westward  flow. The instability properties are very similar between the northern 
  and southern STCC regions (an e-folding time scale of about 2-3 months and a  zonal wavelength of 
  about 300-400  km). It is considered that the same behavior of seasonal evolution of the mesoscale 
  variability in the two STCC regions is a manifestation of these similarities. 
5) Generation processes of mesoscale SSH disturbances were discussed in terms of increasing 
  nonlinearity of unstable waves and an inverse cascade of the eddy  energy
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Table 3.1, Ratios of variance of annual and semiannual harmonics of the EKE and the dominant  zonal 
   scales, and  A,, (Fig. 3.10) to the total  variance. The total variance was calculated  from time 
   series without  interannual components (see text).
 Region EKE 
Northern STCC 79.5 % 
Southern STCC 60.8 %
 Au 




 28.7  %
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Table 3.2. Parameters used for the stability analysis in section 3.5.1. These parameters were set to be a 
   constant throughout a year.
Parameter Northern STCC Southern STCC
 Hi  (m) 
 H2 (m) 
 H3 (m) 
U3  (MS-1  )
 (ms-2) 
 fn  (s-') 
 16(m-is-i)
  125 




 5.82X  1a5 
 2.1ox  mil
  150 




 4.87  x  105 
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 Figure 3.2: (a) Annual mean sea surface dynamic height referenced to 1000 dbar on a  0.5° latitude by 2 
 longitude grid. Contour interval is 5 cm. Eastward  geostrophic velocity relative to 1000 dbar is 
    colored. (b) Spatial  distribution of  meridional gradient of temperature (contour) and  (To  (color)
    at 100 m depth. The contour interval of the  temperature gradient is  0.2 degree Celsius per 
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Figure  3.4: Monthly mean sea surface dynamic height referenced to 1000 dbar on a 0.5° latitude by  2° 
    longitude grid: (a)  February (b) May, (c) August and (d) November. Contour interval is 5 cm. 
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Figure 3.6: Seasonal variations  of  (a) the northern STCC region at  23.5°N between  140°E and  160°E 
    and (b) the southern STCC region at  19.5°N between  180° and  160°W. Thick lines in top 
    panels indicate the surface eastward-flowing STCC  (U1) extracted  from Fig. 3.5.  Error bars 
    denote 95 % confidence interval of the mean value. Thin and dashed lines in top panels vertical 
    velocity shears between the STCC and the westward flow  (U, —  U2) and between a base of the 
    mixed layer and the westward  flow. Thin lines in middle panels indicate westward flow below 
    the STCC  (U7)  . Thin lines in bottom panels represent stratification near the surface(g.2)  .
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Figure 3.7: Seasonal variations of  co (top panels) and eastward geostrophic  velocity relative to 1000 
    dbar (bottom panels) at (a)  23.5°N for the northern STCC and (b)  19.5°  N for the southern 
    STCC. The seasonal variations of the northern and southern STCCs are calculated from 
    temperature and salinity  profiles zonally averaged between  140°E and  160°E and 180° and 
    160°W, respectively. Thick dashed lines in top panels represent the mixed layer depth defined 
    as a depth at which  co differs by 0.125 from the sea surface  co. Colors denote meridional 
    gradient of  c. Contour interval  in top and bottom panels  is 0.2  co and 1  ems'.
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Figure 3.8: Time series of EKE (top panels) and dominant zonal scales of mesoscale SSH variations, 
      (squares) and  ii,  (triangles), (bottom panels), in (a) the northern STCC region and (b) the 
    southern STCC region. The EKE is averaged in an area between  21°  -26°N,  140°  -170°E for the 
    northern STCC and between  18°-20°N,  170°E-160°W for the southern STCC. The dominant 
 zonal scales are calculated  from  geostrophic velocity anomaly in the area used for the EKE (see 
    text). Thick lines indicate the time series smoothed by a 70-day  rurming mean.
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Figure 3.9: Synoptic maps of SSH anomalies at three representative stages with (a) the shortest 
    dominant zonal scale, (b) the maximum EKE and (c) the longest dominant zonal scale. Mean 
    value of SSH anomaly in an area between  21°  -26°1\1,  140°  -170°E is removed at each map to 
    reduce  steric components of SSH variability. Contour  interval is 5 cm.  Arrows show the 
    movement of SSH anomalies traced by eyes from  individual SSH anomaly maps.
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Figure 3.10:  Annual plus semiannual harmonics of EKE (thick lines) and dominant  zonal scales, 
 2„ (thin lines) and  A,. (dashed lines), in (a) the northern STCC region and (b) the southern 
    STCC region.
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 Figure 3.12: Maximum growth rate (top panel) and zonal wavelength (bottom panel) of the most 
 unstable wave in the northern STCC region (thick line) and the southern STCC region (dashed 
    line). The northern STCC region from July to November is baroclinically stable to 
     perturbations.
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Figure  313: Dependence of maximum  growth rates (top panels) and zonal wavelengths (bottom 
    panels) on vertical velocity shears  S,  =  U, — U2 and S2 = U2  —  U3 that are calculated by using 
    reduced gravity  g; from  February and August in the northern STCC region. Contour interval 
    in top and bottom panels is 0.005  day-, and 50 km, respectively. Stable regions are shaded: stars 
    denote a location of the used parameter.
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Figure  3.14: Differences  in maximum growth rates in a shear space between February and August in 
      the northern STCC region (Fig.  3.13a minus Fig.  3.13c). Contour interval is 0.0025 day' with
      zero  contours thickened. A stable region in February is  lightly shaded, and that in August 
 darkly shaded. A star denotes a location of the parameter used for August.
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Chapter 4 Westward-propagating disturbances in the 
  Subtropical Countercurrent region and their interaction 
 with the Kuroshio
4.1 Introduction 
   Westward propagation of oceanic signals is one feature commonly observed in the most of the 
ocean except a region around the equator. It has been interpreted in terms of Rossby waves by a  large 
number of  papers analyzing  hyclrographic observations and satellite data. Rossby waves are of great 
interest because they are a main mechanism of transmitting local oceanic variability primarily 
associated with wind forcing and instability of background mean flow toward the west across the ocean 
basin. This is one of the motivations behind many previous studies. 
   Satellite altimeter observations have  successively provided sea surface height (SSH) anomaly 
data with wide coverage and acceptable accuracy and significantly improved our knowledge on 
variability and spatial distribution of westward-propagating signals (Fu and Chelton 2000). Since SSH 
anomaly reflects perturbations in vertical density structures integrated over an entire water column, 
altimeter data give a direct representation of their dynamic characteristics. The perturbations in 
density fields also appear as thermal signatures in sea surface temperature (SST) fields, if density of 
the subsurface ocean is significantly governed by temperature, which is mostly reasonable assumption 
in the subtropical ocean. Based on  satellite-derived SST data, westward-propagating disturbances are 
investigated by many regional analyses (e.g, Halliwell et  al 1991a,  1991b; van Woert and Price 1993; 
Kawamura  et  al. 1995; Aoki et al. 1995; Aoki and  Imawaki 1996; Cipollini et al. 1997) and a systematic 
global analysis (Hill  et  al 2000). 
   Figure  4.1a shows the spatial distribution of root-mean-square  (nns) variability of SSH in the 
western North Pacific based on a 7-year altimeter record. The Subtropical Countercurrent (STCC) 
(Uda and  Hasunuma 1969) region, which exhibits a tongue-like  structure along about  18°  -26°N, is 
characterized by large SSH variability (Kawamura et  al 1995;  Aoki and Imawaki 1996; Qiu 1999; 
Ducet et  al. 2000). Kobashi and  Kawamura (2001) investigated this high-variability tongue using 
altimeter data, and found dominant westward-propagating disturbances at periods of 65-220 days 
with zonal wavelengths of 400-1800 km.
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   As seen in Fig.  4.1a, SSH variability is  significantly enhanced in the Philippine Sea west of the 
Izu-Mariana Ridge (Fig.  4.1b). This may be related to instability associated with flow forced over 
bottom topography (Kobashi and Kawamura 2001). These enhanced disturbances propagate 
westward and reach the western boundary current region. Recently, Zhang et al. (2001) pointed out 
that interaction between the Kuroshio and disturbances from the STCC region is an important factor 
for fluctuations of the Kuroshio east of Taiwan with a temporal scale of about 100 days. On the other 
hand, analyzing time series of both altimeter-derived SSH anomaly maps and surface transport of the 
Kuroshio at the  lbkara Strait estimated from tide-gauge sea level data, Ichikawa (2001) indicated that 
a part of westward-propagating eddies along  23°N south of Okinawa is elongated along the  Kuroshio 
path to the  Ibkara Strait and a covering of their anomaly over the  offshore sides in the  'Ibkara Strait 
induces variations of the  Kuroshio transport at a period of about 180 days. He also showed that SSH 
anomaly at the  rIbkara Strait further moves downstream, leading to variations in the volume 
transport of the Kuroshio at the  ASUKA (Affiliated Surveys of the Kuroshio off Cape Ashizuri) line 
south of Japan. However, his study period, about one year from October 1992 to December 1993, is 
rather short to reveal the whole features of interaction between the  Kuroshio and the 
westward-propagating disturbances  in the STCC. 
   In spite of recognition by some recent studies, detailed physical processes of the interaction have 
not been thoroughly understood. This may be partially due to the coarse spatial sampling of altimeter 
observations: at midlatitudes the zonal spacing of ground tracks of the TOPEX/POSEIDON  (T/P) 
altimeter is approximately 250 km that is not enough to resolve variability of the Kuroshio from a 
region east of Taiwan to the East China Sea (ECS) where the  Kuroshio flows toward the northwest 
with a typical axis width of 60-100 km (Sun and Su 1994). Furthermore, we  cannot directly obtain a 
picture of the mean Kuroshio current from satellite-derived SSH data because of inaccuracy of geoid 
models. 
   In this chapter, we investigated the westward-propagating disturbances in the STCC region of the 
Philippine Sea and their interaction with the Kuroshio using satellite-derived SSH and SST data and 
tide gauge sea-level data. As will be seen in section 4.4, SST maps with high spatial resolutions are 
 very useful for this purpose. Our final goal is to clarify statistical features and their underlying physical 
processes of interaction between the STCC disturbances and the entire  Kuroshio current system from
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the  ECS to the south of Japan. This study intends to achieve parts of this goal by focusing on one case 
that STCC disturbances induce variations of the Kuroshio surface transport at the  rlbkara Strait. 
   The contents of this chapter are as follows; the data used in this study and the analysis 
procedures are described in section 4.2. In section 4.3, we  examine the westward-propagating 
disturbances in the STCC region using SSH and SST data and show their physical properties and 
consistency between SSH and SST fields. In section 4.4, variations of the Kuroshio transport at the 
 Tokara Strait are first investigated in frequency and frequency-time domains by spectral and wavelet 
analyses, and then their relationship to disturbances in the STCC region is demonstrated by statistical 
analyses and observations of SSH and SST maps. We offer a discussion of the results in section  4.5; the 
conclusions are summarized in section 4.6.
4.2 Data and processing 
 We examined SSH anomaly fields using the AVISO Maps of Sea Level Anomalies (MSLA) 
altimeter products produced by the Collecte  Localisation Satellites (CLS) Space Oceanography 
 Division, Toulouse, France. These products  are based on the merging data of the T/P and  ERS-11-2 
altimeter measurements. Along-track sea level anomalies relative to its 3-year temporal mean during 
1993-1995 are initially smoothed by taking account of variations in the assumed typical scales of the 
ocean  signal (200 km at midlatitudes) and then mapped onto a regular  0.25° grid in space and every 
10 days by a suboptimal space/time objective method that takes into account along-track correlated 
errors (Le  'fraon et al 1998). The spatial correlation scales in the objective  analysis are isotropic in our 
study domain and decrease with latitude (approximately  from 220 km at  20°N to 160 km at  35°N)  on 
the basis of variation in internal Rossby radius. The temporal correlation scale is set to 15 days at 
 midlatitudes. 
   In the present  study, we used the  MSLA  products during a period from October 1992 to December 
1999. Since the merging data from the multiple altimeter missions provides better space-time 
sampling of oceanic features (Ducet et al. 2000), the MSLA are suitable for studying oceanic processes 
that occur with relatively small spatial scales such as interaction between the Kuroshio and mesoscale 
disturbances.  However, there is a temporal data gap from December 1993 through  March 1995
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because of the ERS ice monitoring and geodetic  missions. The MSLA product generated from the T/P 
data alone were used for this period. The analysis domain is from 15° to  36°N, 120° to  160°E (Fig. 
 4.1a).  Tb focus on temporal SSH anomaly  (  qa) from the regular variability of the seasonal cycle, the 
7-year mean seasonal cycle during 1993-1999 was calculated at each grid point and subtracted from 
the time series. 
   For investigating SST fields in the STCC and the  Kuroshio regions, we used multichannel sea 
surface temperature (MCSST) from the advanced-higher spatial SST  (A-HIGHERS) data set. The 
 A-HIGHERS generated  from the infrared measurements of advanced very  high-resolution 
radiometers  (AVHRRs) on board the National Oceanic and Atmospheric Administration  (NO-AA) 
satellites is produced by the Center for Atmospheric and Oceanic Studies (CAOS) in the  rIbhoku 
University (Kawamura et al 1997; Sakaida et  al 2000). The quality-controlled SST maps, which are 
retrieved for every  AVHRR observations (about three to thirteen times per day) by using the MCSST 
method and an improved cloud detection algorithm, cover the western Pacific area between 20°N and 
60°N and 120°E and 160°E with a spatial resolution of  0.01° (Sakaida et  al 2000). Comparison with 
the buoy measurements shows that the  A-HIGHERS possess an  nns error of  0.8°  C in the oceans 
around Japan (F. Sakaida and H. Kawamura 2001, personal communication). 
   This study used the  A-HIGHERS during a period  from January 1992 to December 1999 that is 
processed from  AVHRR data from  NOAA-11, NOAA-12 and NOAA-14 satellites. The analysis domain 
for the SST is from 20° to  36°N, 120° to  160°E. Although each SST map with very high spatial  
resolutions provides useful information on fine  thermal structures of the ocean surface (Sakaida et  al 
2000),  there are many data gaps due to the presence of cloud or areas outside of the  AVHRR 
observation swath, which makes it difficult to investigate variability of SST fields. In this study, the 
SST maps with less gaps were newly created at 0.2° by  0.2° grids and five-day intervals from the 
A-HIGHERS data by using a Gaussian filter with an e-folding scale of  0.2° in space and 5 days in time 
and a search radius of  0.3° in space and 8 days in time. These  filter parameters were chosen so that 
the gaps could be  effectively reduced while the SST maps keeping resolutions enough to detect the 
dominant signals associated with the mesoscale disturbances in the STCC region. It should be noted 
that the smoothed SST maps still preserve  smaller-scale features than the SSH anomaly maps. A grid 
point that has observations fewer than 15 within the spatial and temporal search radii was flagged as
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a data gap. Statistically, the criterion of 15 points provides us 95 % confidence that a computed mean 
value will fall within one half of a standard deviation from the true mean for a normal distribution of 
values.  Finally, in the same way as the SSH anomaly data, the 7-year mean seasonal  cycle was 
subtracted to create temporal SST  anomaly  (T i,) maps. 
   The sea-level difference between Naze and  Nishinoomote, which are located on the  of  shore and 
onshore sides of the Kuroshio at the Tokara Strait (Fig.  42), has been used as an index for the surface 
transport of the Kuroshio or the surface velocity integrated over the  Tokara Strait (Kawabe 1988, 
1995; Yamashiro and Kawabe 1996; Ichikawa 2001). This study also used the sea-level difference 
between Naze and  Nishinoomote in a period of ten years from January 1990 to December 1999 to 
estimate temporal variations of the Kuroshio surface transport. Hourly sea-level data at the two tidal 
stations were obtained from the Japan Oceanographic Data Center (JODC). Since there are several 
data gaps in  their time series, the gaps less than 4 hours were first linearly interpolated, and then the 
gaps less than 48 hours were interpolated with the sea levels averaged over 15 days before and after a 
gap. Diurnal and semi-diurnal tidal signals were eliminated by a 48-hour tide killer  filter  from the 
hourly sea level data (Hanawa and Mitsudera 1985). Daily mean sea level calculated from the hourly 
data without tidal signals was corrected for the  barometric pressure through a hydrostatic 
approximation using barometric data observed at the nearest weather stations,  and then a linear 
 trend of the time series, obtained by a least squares  method, was regarded as changes due to crustal 
movements and removed. Finally, for keeping consistency with the SSH and SST data, the 7-year 
mean seasonal cycle was subtracted from the daily mean sea-level difference, and its time series was 
smoothed by a running mean of 11 days. The seasonal cycle of the sea-level difference was very similar 
to results of Kawabe (1988) based on the long-term data. Since all gaps in the obtained time series are 
less than one month, they were linearly interpolated for spectral and wavelet analyses in section  4.4.
4.3 Westward-propagating disturbances revealed by  satellite-derived 
  SSH and SST data 
   Figure 4.3 displays  time-longitude diagrams of the  IL and the  To along a center latitude of the 
high-variability tongue in the STCC region,  i.e.,  22.5°N. Both anomalies were temporarily smoothed
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by a running mean of one month. It is evident from the  T, diagram as well as the  IL diagram that 
wavelike structures with alternate positive and negative anomalies are propagating  westward. 
However, the westward propagation in the  Ta fields tends to be smeared during summer. This may be 
attributable to masking of subsurface thermal signals by strong heating at ocean surface during 
 summer. 
 lb quantitatively capture features of propagating SSH and SST anomalies, we computed 
frequency-wavenumber spectra of the unsmoothed time-longitude diagrams of  r,„ria and meridional 
eddy velocity (  v„) during 1993-1999. The  v„ was calculated from the  q„ by assuming  geostrophy. The 
analysis was carried out in the Philippine Sea away from the western boundary current region 
(between  127°E and  143°E). The  ria and  va were linearly interpolated onto temporal and spatial grid 
points of the  T„ to obtain the same resolutions as the SST spectrum, which makes it easy to calculate 
the cross spectrum between them. The results are not shown here, because the wavenumber 
resolutions of the spectra are inadequate for  discussing detailed properties of dominant  mesoscale 
disturbances with  zonal wavelengths of several hundreds to a thousand of km. Instead, we show the 
power spectra of westward and eastward propagating components as a function of frequency that  are 
obtained by integrating the spectral energy over negative and positive wavenumber domains, 
respectively (Figs. 4.4a-c).  Assuming 80 and 10 independent spatial grid points in the SST and SSH 
data, respectively, which were determined from decorrelation scales in the mapping procedure of each 
field (see section  4.2), this yields a 95 % confidence interval  from 75 % to 140 % for the  T„ and from 
49 % to 310 % for the and the  v„. Squared coherency and phase lag between the and the  77„ and 
the  Ta and the  v,, were also calculated from the westward-propagating spectra (Figs.  4.4d, e). The 
95 % confidence level for the squared coherency were estimated  from degrees of freedom based on the 
SSH anomaly data. 
   As seen in the time-longitude plots in Fig. 4.3, the westward-propagating spectra are dominant in 
both  Ta and  q„ fields. Most of the energy concentrates on a period band of about 65-220 days, which is 
in good agreement with the results of Kobashi and  Kawamura (2001). The notable feature is that 
several spectral peaks within this period band are quite consistent between the  Ta and the  IL and 
also between the  T, and the  va The squared coherency is significantly high around four major peaks 
 of  Pl: 94 days,  P2:  125 days, P3: 164 days and P4: 219 days. This indicates strong coupling of the SSH
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and SST disturbances around the four periods. The coherency and phase lag at the P1-4 were 
summarized in Table 4.1. It is noted that the P1-4 in the spectra of the  T,„ the  77,4 and the except 
the P1 in the  ria , appear as a significant peak at the 95 % confidence level. 
   The notable characteristic of the westward-propagating SST signals is the phase lag: the  T„  is 
ahead of the  77„ and behind the  v„ by about 0.1-0.4  r at the P1-4 (Table 4.1). This strongly suggests 
that SST disturbances reflect not only changes in vertical thermal structures associated with SSH 
disturbances but also meridional heat advection caused by eddy currents. Since the background mean 
SST field in the area used for the calculation is characterized by zonally uniform structures (Fig. 4.5), 
warm (cold) heat advection by meridional geostrophic currents west of anticyclonic (cyclonic) SSH 
disturbances results in leading of phase propagation of SST disturbances. Such phase differences 
between SSH and SST anomalies  are also found in the North Atlantic subtropical front region 
(Halliwell et aL 1991b), the Kuroshio Extension region (Aoki et  al. 1995) and the North Pacific STCC 
region  (Roemmich and GiLson 2001). Using  T/P-derived SSH anomaly and high-resolution XBT 
transects along an average latitude of  22  ° N, Roemmich and Gilson (2001) made composite 
temperature profiles of eddy and displayed the westward tilt of eddy toward the sea surface in the 
upper 400 m. Their composite  profiles show the eddy  width of about 490 km and the westward shift of 
about 30-50 km at the sea surface, which corresponds to phase lag of about 0.1-0.2  r roughly 
consistent with the present study. 
   On the other hand, Cipollini et  al. (1997) investigated westward-propagating disturbances near 34 
 °N in the North Atlantic and reported that there is no appreciable phase lag between SSH and SST 
disturbances. This regionally different characteristic may be attributable to effect of heat advection 
depending on magnitude of eddy velocity and spatial gradient of background mean  SST. Table 4.1 and 
Figures 4.4c and  4.4e partially support this explanation: at the P1-4 peaks, as the spectral energy of 
the decreases toward low  frequency, the phase lag between the  Ta and the ; 7,, (the  v„) tends to 
become smaller (larger). 
   To gain more insight into the westward-propagating disturbances, we extracted the SSH signals 
around the P1-4 peaks from the time-longitude diagram by computing the inverse Fourier transform 
of the frequency-wavenumber spectrum. The period range with respect to each spectral peak, which 
was listed within parentheses of period in Table 4.1, was chosen on the basis of the significant squared
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coherency between the  qa and the  Ta  . Using the reconstructed  17,„ we first calculated the phase 
speed every  4° zonal bin by applying a least square fitting to the zonal-time autocorrelation function of 
the  qa  , and then obtained the mean phase speed and its confidence interval at 95 % (Table 4.1). The 
mean phase speeds are approximately 8-9 ems' with no significant difference among the four peaks. 
This estimation agrees with previous results by Yang et  al (1999) who derived 8.2  cm-' at  23.5°N 
between 122  °  E and 150  °  E using a lag correlation analysis of SSH anomaly data. The zonal 
wavelength and its possible range were also calculated from the mean phase speed and the period 
range used to reconstruct the  ria fields. The zonal wavelength spans from 650 km at the P1 to 1550 
km at the P4, and its range is roughly consistent with that of dominant SSH disturbances east of the 
Izu-Mariana Ridge (about 400-1800 km) shown by Kobashi and Kawamura (2001).
4.4 Interaction between the Kuroshio and disturbances in the STCC 
   region 
4.4.1 Variability of the Kuroshio surface transport at the Tokara Strait 
   A power spectrum of sea-level difference between Naze and Nishinoomote is shown in Fig. 4.5, 
together with 95 % confidence intervals. The spectrum was smoothed by a  Harming filter to yield 26 
degrees of  freedom. There are two prominent broad peaks around the P1-P4 peak frequencies, one at 
100-200 days and the other at 55-100 days. Other significant peaks are also seen in the higher 
frequency band around 50, 36, 31 and 27 days. The spectral energy at periods of 100-200 days is 
approximately located between the period range of the dominant westward-propagating disturbances 
in the STCC region (P1 and P4), and its strong peak at 160 days appears close to the P3 peak. This 
suggests possibility that the variations of the Kuroshio transport at this peak may be related to the 
STCC disturbances. 
   In order to detect the 100-200 day variations in the time-frequency domain, a wavelet analysis of 
the sea-level difference was carried out by employing the  Morlet wavelet (Farge 1992) as the wavelet 
function (Fig. 4.7). The statistical significance of the wavelet power was determined from a red-noise 
background spectrum on the assumption of the Markov process (Tbrrence and Compo 1998). Figure 
 4.7b clearly shows that the energy peaks indicated by the spectral analysis greatly change in their
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 intensity with time. Focusing on the period band of 100-200 days, we found two major "events" with 
significant energy during the periods of mid 1992 to early 1994 and 1998. In the former period, while 
the energy peak is situated around the P3 at the beginning of this period, it shifts with time toward a 
high frequency side near the P2. This transition can be also seen  in the time series (Fig. 4.7a). In the 
latter period, the energy peak appears approximately at the P2. There are other two events with 
insignificant but large energy during the periods of mid 1990 to mid 1991 and mid 1995 to early 1996. 
Thus, we understand that the broad spectral peaks at periods of  100-200 days reflect these four events 
of intermittent oscillations.
4.4.2 Variations of the Kuroshio surface transport at periods of 100-200 days during 
   the period of mid 1992 to early 1994 
   The period of mid 1992 to early 1994 nearly corresponds to a study period of Ichikawa (2001), i.e., 
October 1992 to December  1993.  Our results show that fluctuations of the Kuroshio surface transport 
 examined by him are characterized as temporarily localized phenomena rather than persistent 
features. In this subsection, paying attention to this event, we show clear evidence confirming results 
of Ichikawa (2001) and then describe detailed processes  of  interaction by analyzing SST and SSH data. 
   In order to survey general relationship between the 100-200 day variations of the  Kuroshio at the 
 Ibkara Strait and SSHJSST fields, we first  examined spatial  distribution of cross correlation 
coefficients between the sea-level  difference and the  ria/Ta using time series from October 1992 to 
January 1994. Figures 4.8 and 4.9  illustrate the cross correlation coefficients with different time lags. 
The time lags means that the  tic,  /  Ta leads the sea-level difference, which gives implication on origins 
of the Kuroshio variations. Significance of correlation coefficients was determined by t-test at 90 % 
level on the assumption of 13 independent observations that are based on three "waves" during the 
analysis period (Fig. 4.7a). The cross correlation maps between the sea-level difference and the SSH 
anomalies were already shown by Ichikawa (2001). Our results are almost the same as his results, but 
there are somewhat different features, as mentioned later.  These differences could be attributed to 
 different processing of altimeter data between this study and Ichikawa (2001). 
   The map of the correlation at the same time (Figs. 4.8a and 4.9a) shows an area with significant 
positive  correlation around Naze and its extension along the offshore side of the mean Kuroshio path
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to the south of Okinawa and to the downstream south of Japan around  132°E with decreasing 
 correlation  coefficients. In the  q„ field this area with positive  correlation appears to cross the Nansei 
Islands and appears to be  disconnected at 26.5°N. However, such features are not  identified in the 
 Ta field and are also not seen in Ichikawa's (2001) figure. The notable feature, which is not paid 
attention to by Ichikawa (2001), is that zero-correlation contour at the  'Ibkara Strait is nearly followed 
by the mean position of the Kuroshio path and the correlation coefficients on the inshore side take 
negative values. As clearly seen in the  Ta map, this negative correlation appears along the southwest 
and east coasts of Kyushu. The above-mentioned correlation pattern indicates that both SSH and SST 
on the offshore (inshore) side of the Kuroshio  rises (falls) when the surface transport  increases, that is, 
the Kuroshio system exhibits a seesaw-like variation. The similar results are reported by Nitani (1973) 
based on analyses of hydrographic data and  tide-gauge sea level data along the southern coast of 
Japan. Probably, the seesaw-like variation represents the way in which the Kuroshio in geostrophic 
balance adjusts to fluctuations in the surface transport. Another feature to be noted is appearance of 
wavelike structures of correlation along  22°  -23°N. A zonal train of alternating positive and negative 
correlation with slightly tilting to the south of Okinawa strongly suggests a relationship with 
westward-propagating disturbances in the STCC region. 
   In the  17„ map, as the time lag increases, the southern part of the positive correlation west of the 
Nansei Islands moves toward the STCC region along  23°  -25°N with a slight southward shift, though 
the correlation coefficients become small. This feature tracing back to the STCC region is in agreement 
with the results of Ichikawa (2001). The connection of positive correlation  from the  rIbkara Strait to the 
STCC region may be more clearly seen in the  To map. At the time lag of 20-30 days (Figs. 4.9b, c) the 
positive correlation is stretched toward the STCC region through a region between Okinawa and 
Miyakoshima where the Kuroshio is relatively open to the Philippine Sea through a deep passage 
below 1000 m ocean depth (Fig. 4.2), and then it moves eastward along  24°  -25°N with increase of time 
lag. This feature is consistent with that in the  qa map. The notable  difference against the  ria map is 
that the positive correlation clearly appears west of the Nansei Islands in the  T1, map. As the time lag 
increases, this area tends to follow mean position of the Kuroshio path (Fig. 4.9d) and disappears at 
the time lag of 50 days (not shown). The correlation  coefficients, especially at the time lags of 30 and 40 
days, have insignificant values at 90 % level but show rather systematic structures.
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   On the other  hand, the small-scale positive correlation around  27.5°N  in the  ria map appears to 
shift its center to the east off the Nansei Islands and then lose its significance around  27°N,  130°E at 
the time lag of 40 days (Fig. 4.8d). The positive correlation east off the Nansei Islands is also recognized 
in the  T, maps: from  27.5°N, 130°E at the lag of 30 days (Fig. 4.9c) to  26.5°N,  131'E at the lag of 60 
days (Fig. 4.9e). This suggests existence of westward-propagating disturbances preserving phase 
relationship with variations of the  Kuroshio surface transport. However, we do not consider that this 
 correlation is directly related to variations of the Kuroshio at the  Thkara Strait, because 
westward-propagating disturbances may be blocked by the Nansei Islands and the nearby shallow 
ocean and their signals cannot seriously affect the sea level at Naze located on the western side of 
Amamioshima. 
   Figure 4.10 shows maps of the SST, the  T„ and the  tic/ on 21 December 1992 and 7 September 
1993 that correspond to representative situations when the surface transport at the  lbkara Strait took 
high and low peaks, respectively (Fig. 4.7a).  It is evident from these maps that positive SSH anomaly 
and warm anomaly on 21 December 1992, which are elongated from anticyclonic disturbance with 
large amplitude greater than 25 cm between Okinawa and  Miyakoshima, cover the  offshore side of the 
Kuroshio to the  'Ibkara Strait and induce rise of sea level at Naze. At the same time, cold anomaly 
 occupies the inshore side of the Kuroshio along the southwest of Kyushu. Likewise, negative SSH 
anomaly and cold anomaly on 7 September 1993 stretched  from strong cyclonic disturbance lead to a 
fall of sea level at Naze. These observations are quite consistent with results from the cross correlation 
analyses. It should be noted here that these disturbances are not completely merged with the Kuroshio, 
as previously pointed out by Ichikawa (2001). After the interaction with the Kuroshio, the remaining 
anomalies tend to propagate toward the southwest along the southern flank of the Nansei Islands, and 
in many cases they reach a region east of Taiwan where other possible interaction with the Kuroshio is 
indicated by Yang et al. (1999) and Zhang et  al (2001). Further  analysis will be required to reveal their 
interaction in this region. 
   In order to see a series  of  connection from westward-propagating disturbances in the STCC region 
to fluctuations of the Kuroshio surface transport, we plotted time series of the  ria and the  T, in Figs. 
4.11 and 4.12, along a typical path referred to as "Line A" in Figs. 4.8a and  4.9a. The Line  A  was chosen 
on the basis of the  cross correlation analyses. During the period of late 1993 to early 1994, arrivals of
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westward-propagating anticyclonic (cyclonic) SSH disturbances to the south of Okinawa (upper two 
panels  in Fig. 4.11) are mostly coincident with stretching of positive (negative) SSH anomalies along 
the  offshore side of the Kuroshio in the ECS (upper  third panel in Fig. 4.11), and their stretched 
anomalies bring about high (low) surface transport events of the Kuroshio at the  Ibkara Strait. These 
connections can be clearly identified from three high transport events on November to December 1992, 
June 1993 and November 1993 and one low transport event on August to September 1993. These 
results indicate that the event of the surface transport during this period is primarily induced by a 
series of intrusion of the westward-propagating disturbances from the STCC region into the  offshore 
side of the  Kuroshio west of the Nansei Islands. 
   The  To in Fig. 4.12 also shows the  similar results but suggests another interesting influence of the 
disturbances on the Kuroshio. The SST signals associated with SSH disturbances propagate westward 
ahead by about one month (see tilted lines in the upper first panel in Fig. 4.12). As discussed in section 
4.3, this phase difference may be  relating to meridional heat advection by eddy currents, depending on 
spatial gradients of the background mean SST as well as magnitudes of eddy  velocity. Focusing on 
 warm anomalies in the south of Okinawa for early November 1992, late May 1993 and October 1993 
(upper second panel in Fig. 4.12), we found that the warm anomalies are remarkably ahead of the 
corresponding SSH disturbances. However, the peaks of  T0 along the  offshore side of the  Kuroshio 
(upper  third panel in Fig. 4.12) correspond to not  these peaks but those of the  tit/  there. Since the 
mean SST field south of a region between Miyakoshima and Okinawa is nearly characterized by 
zonally uniform structures (Fig. 4.5), northward advection of warm water toward the Kuroshio 
possibly occurs on the western side of disturbances. Probably, the warm anomalies induced by the 
advection relating to disturbances are further advected by strong currents along the  Kuroshio axis. 
This speculation is consistent with results of the cross correlation analyses: positive correlation 
stretched from the STCC region appears along mean position of the  Kurashio path (Figs.  4.9c, d) before 
significant positive correlation intrudes into the offshore side of the  Kuroshio west of the Nansei 
Islands (Figs. 4.9a, b), which is suggestive of heat advection from the STCC region to the Kuroshio 
ahead of the intrusion of anticyclonic disturbances into the Kuroshio. 
   In contrast, cold anomaly seems not to influence the Kuroshio in terms of heat advection. Arrival 
of the cold anomaly to the south of Okinawa on early September 1993 is nearly coincident with that of
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the  corresponding SSH disturbance, and therefore its SST signal is  considered to primarily reflect 
subsurface thermal structures associated with the SSH disturbance. In fact, the mean SST field 
indicates that southward advection west of  cyclonic disturbances should be relatively small  around 
there (Fig.  4.5).
4.5 Discussion 
   Using satellite-derived SST and SSH data, this study clearly shows that a series of intrusion of 
the westward-propagating disturbances from the STCC region into the offshore side of the Kuroshio 
west of the Nansei Islands is primarily responsible for the Kuroshio surface transport fluctuations at 
the  Tbkara Strait during the period of mid 1992 to early  1994.  On the other  hand., Zhang  et  al (2001) 
analyzed observation data obtained by a moored current meter array in the East Taiwan Channel and 
 TIP-derived SSH anomaly data, and found that arrivals of the westward-propagating anticyclonic 
disturbances to the southeast of Taiwan  force developments of the Kuroshio meanders which result in 
the large 100-day transport fluctuations in the East Taiwan Channel by  shifting the Kuroshio offshore 
and splitting part of the flow to the east of the Nansei Islands. Their study presented a way of 
interaction between the STCC disturbances and the  Kuroshio different from our results. The wavelet 
analysis of the sea-level difference during 1990-1999 indicates four events with large energy in the 
period band of 100-200 days (Fig. 4.7). Further investigation will be required to reveal major 
mechanisms of the interaction events. 
   The results from the wavelet analysis raise the following question: why do variations of the 
surface transport at periods of about 100-200 days appear as an event-like phenomenon?  If a train of 
strong anticyclonic and cyclonic disturbances continues to intrude into the  Kuroshio through a passage 
of deep bottom topography between  Miyakoshima and Okinawa, it yields a persistent feature to 
fluctuations of the  Kuroshio transport. In contrast, disturbances with small amplitude or at other 
latitudinal  bands are presumably blocked by the  Nansei Islands and the nearby shallow ocean. 
Therefore, temporal changes in position and intensity of westward-propagating disturbances are 
considered as a key to give an answer to this question, especially for the event examined in the present 
study.
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   The Kuroshio carries a variety of water to the downstream region, modifying the properties by 
interaction with water on both sides of the Kuroshio as well as by  air-sea process (Masuzawa 1972). 
The intrusion of disturbances with large amplitudes, which are typically characterized by nonlinear 
eddy trapping water particle within itself (Kobashi and Kawamura 2000), might be one process that 
has a significant impact on water properties transported by the Kuroshio. An elaborate analysis of 
hydrographic observations together with  satellite data is necessary to  identify these features.
4.6 Summary 
   In this  chapter, we investigated the westward-propagating disturbances in the STCC region of the 
Philippine Sea and their interaction with the  Kuroshio using satellite-derived SSH and SST data and 
tide gauge sea-level data. The sea-level difference between Naze and Nishinoomote was used as a 
 variability index for the Kuroshio surface transport at the  Ibkara Strait. The major results are 
summarized as follows. 
1) Westward-propagating wavelike structures with alternating positive and negative anomalies were 
  prominent in SSH and SST anomalies fields. Frequency-wavenumber spectra showed that the 
  westward-propagating anomalies are  primarily characterized by  mesoscale disturbances at 
  dominant periods of about 65-220 days. It was found that the disturbances in both fields are 
  significantly coherent around four major peaks (P1-4), and that SST disturbances are ahead of 
  SSH disturbances and behind meridional eddy velocity associated with SSH disturbances by 
  about  0.1-0.47r at the  P1-4. This phase difference indicates that SST signals reflect not only 
  changes in vertical thermal structures associated with SSH disturbances but also meridional heat 
  advection caused by eddy currents. 
2) A spectral analysis of the sea-level  differenceduring 1990-1999 indicated two prominent broad 
  peaks around the periods of peaks  P  1-P4, one at 100-200 days and the other at  75-100 days, and 
  the other  higher-frequency significant peaks. The variations at periods of 100-200 days, which 
  nearly  correspond to the dominant periodicity of the westward-propagating  disturbances in the 
  STCC region, were further examined in a time-frequency domain by a wavelet analysis. As a 
  result, it was found that the spectral energy at periods of 100-200 days greatly changes in its
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  intensity with time. We found two major events with significant energy during the periods of mid 
  1992 to early 1994 and 1998 and the other events with relatively large energy  during the periods 
  of mid 1990 to mid 1991 and mid 1995 to early 1996. 
3) Focusing on the event during mid 1992 to early 1994, we investigated a relationship between 
  fluctuations of the  Kuroshio  surface transport and the  westward-propagating disturbances in the 
  STCC region. Although the relationship of this event to the disturbances was  already indicated by 
  Ichikawa (2001) with altimeter data, we showed clear evidence  confirming his results and then 
  suggested another influence of anticyclonic disturbances on the Kuroshio. Cross correlation 
  analyses and observations of SSH and SST anomalies maps demonstrated that a  part of 
 westward-propagating anticyclonic and cyclonic disturbances successively intrudes into the 
  offshore side of the Kuroshio west of the Nansei Islands through a passage of deep bottom 
  topography between Miyakoshima and  Okinawa, bringing about the Kuroshio surface transport 
  fluctuations at the  Tokara Strait. In case of anticyclonic disturbances approaching the south of 
  Okinawa, northward advection of warm water  from the STCC region toward the  Kuroshio 
  possibly occurs on the western side of the disturbances. It was suggested that these warm 
  anomalies are further advected to the downstream by strong  currents along the Kuroshio axis 
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 Figure 4.1: (a) Root-mean-square  variability of SSH, based on SSH anomaly  (q  a) without the  7-year 
    mean seasonal  cycle. Contour interval is 2  cm, (b) Bathymetry of the Philippine Sea and the 
    western North Pacific. The thick and thin counters are isobaths of 2000 m and 4000 m, 
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Figure 4.2: Locations of the tide stations used  in this  study  labels a: Naze and b:  Nishinoomote. The 
    thick  and thin solid contours show the  500-m and  1000-m isobaths, respectively; the dashed 
    contours  2000-m and  3000-m isobaths. The thick dashed line represents mean position of the 


















(a) SSH anomaly at  22.5°N 
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(b) SST anomaly at  22.5°N 
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Figure 4.3: Time-longitude diagrams of SSH anomaly  (in) and SST anomaly  (T) along  22.5°N. 
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 Figure  4.4: Power spectra of westward (thick) and eastward (thin)  propagating components  of  (a) SST 
    anomaly  (  To (b) SSH anomaly  (1]„)  and (c) meridional eddy velocity  ( v„  ), drawn in a 
     variance-preserving form. These were calculated from the frequency-wavenumber spectra of 
    the time-longitude diagrams at 22.5°N (see text). The 95 %  confidence interval is  from 75 % to
    140 % for the  Ta and from 49 % to 310 % for the  IL and the  v„  . (d) Squared coherency and (e) 
    phase lag between the  Ta and the  77„ (thick) and between the  Ta and the  v„ (thin). Negative 
    phase lag means that the  T„ leads the  q /the  . The dashed vertical lines labeled P1-4 
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Figure  4.5: Spatial distribution of a 7-year averaged SST during 1993-1999.  Contour interval is 0.5  C.
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 Figure 4.6: Variance preserving spectrum of sea-level  difference between Naze and Nishinoomote 
during 1990-1999. The thin lines indicate the 95 %  confidence intervals. The dashed vertical 
lines labeled P1-4 are the same as Fig. 4.4.
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Figure  17: (a)  Time series and (b) wavelet power spectrum of sea-level difference between Naze and 
    Nishinoomote. The data gaps less than one month are linearly interpolated in calculating the 
    wavelet spectrum. The contours are drawn at normalized variance of 1, 2, 5, 10, 20 and 30 and 
    at the 95 % significant level with thick contours. The thin dashed lines indicate areas affected 
    by edge effects. The dashed horizontal lines represent 100 days and 200 days, and the solid 
    horizontal lines 125 days and 164 days (the same as the P2 and P3 in Fig. 4.4, respectively).
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Figure 4.8: Spatial distribution of  lag cross correlation coefficients between SSH anomaly  (ri„) and 
    sea-level difference between Naze and Nishinoomote. The  , leads the sea-level  difference by 
    (a) zero, (b) 20 days, (c) 30 days, (d) 40 days, (e) 60 days and (0 80 days. The 90 % significant 
    level is estimated as  ±0A8 from 13 independent observations (see text). The thick dashed  line 
    represents mean position of the Kuroshio path in the South China Sea, traced from a 7-year 
    averaged SST map (Fig. 4.5). The thick line shown in (a)  is referred to as Line  A  in section 4.4.2 
    and Figs. 4.11 and 4.12.
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Figure 4.11:  lemporal variations of SSH anomaly  (77,, ) along Line  A  indicated by thick line in Fig. 4.8a, 
    together with the sea-level difference between Naze and Nishinoomote (bottom panel). Contour 
    interval is 5 cm. Negative values are  shaded. The  tilted lines  represent typical phase 
    propagation of the (see text).
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SST anomalies at Line A
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Figure 4.12: Same as Fig. 4.11 but SST anomaly  (T11). Contour interval is 0.5 °C. Data gaps are darkly 
    shaded. The tilted lines are identical to those in Fig. 4.11.
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Chapter 5 Conclusions
   This study surveyed intraannual variations at periods of several months in the subtropical gyre of 
the North Pacific, especially in terms of the STCC region. Their physical  properties,  generation 
mechanism and interaction with the  Kuroshio were investigated by using satellite-derived SSH and 
SST data and hydrographic data. The main findings can be summarized as follows. 
   In Chapter 2, physical properties and spatial distribution of the SSH variations were investigated 
by analyzing a 7-year record of SSH data  from the  T/P, ERS-1 and ERS-2 satellites together with 
hydrographic data. 
   Spectral analyses of SSH anomalies showed that the SSH  variations in the zonal band of about 18 
 °  -26°N west of the Hawaiian Islands (the STCC region) contain considerable energy in the period 
band of about 65-220 days. It was found by investigating spatial energy distribution of the 65-220 day 
variations that high energy is mostly confined to the subtropical gyre and enhanced in the STCC, the 
 Kuroshio south of Japan and the Kuroshio Extension east of the Shatsky Rise. In terms of the energy 
distribution, the STCC area can be divided into two regions: one located in the latitude range of  21°  -26 
 °N and extending from the Philippine Sea to about  170°W along  22°N (the northern STCC  region)
, 
the other extending along  19.5°N from around  145'  E to the west of the Hawaiian Islands (the 
southern STCC region). The energy of the 65-220 day motions in these two regions comes up to more 
than 50 % of the total  energy. 
 Climatological mean dynamic height (0/1000 dbar) exhibits three narrow bands of eastward flow 
along about  19°-20°N,  22°-24°N and  24°-27°N. However, the flows at  22°-24°N and  24°-27°N are not 
persistent east and west of around  155°E,  respectively. Therefore, these two bands can be regarded as 
one zonally continuous flow slightly tilting northward toward the east. These two jets form a strong 
vertical velocity shear in combination with underlying westward flow associated with northward 
deepening of the main  pycnocline. The most equatorward of the jets follows our southern STCC region, 
and the flows at  22°-24°N and  24°  -27°N  correspond to our northern STCC region. This geographical 
agreement between the background baroclinic flows and the energetic bands of variability suggests 
that baroclinic instability plays an essential role in the generation of the 65-220 day motions. Besides 
 baroclinic instability of the STCC, the energy distribution and the time-longitude plots of the 65-220
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day variations  indicate two generative sites: one west of the Hawaiian Islands and the other over the 
 Izu-Mariana Ridge. While eddies originated at the former region hardly make a direct  contribution to 
the southern high SSH variability instability associated with flow  forced over bottom topography in 
the latter region may be important to generate the high variability observed in the Philippine Sea. 
   Frequency-wavenumber spectra of SSH anomalies east of the Izu-Mariana Ridge showed that 
the 65-220 day variations in the northern and southern STCC regions are characterized by 
westward-propagating mesoscale disturbances with zonal wavelengths of 400-1800 km. Investigation 
of the ratio between the advective and phase speeds of these disturbances motivates two 
classifications: nonlinear eddy motions having wavelengths of about 500-700 km and  quasi-linear 
waves with longer wavelengths of about 1200 km. While the quasi-linear waves are approximately 
followed by the dispersion relation of the  first  baroclinic Rossby wave in the presence of the mean shear 
flow, the nonlinear eddy motions tend to lie near the barotropic Rossby wave dispersion curve in terms 
of linear dispersion relations. 
   In Chapter 3,  barochnic instability of the two STCCs and its relation to seasonal evolution of the 
eddy fields are investigated to discuss a generation mechanism of the mesoscale disturbances in the 
STCC regions. In order to detect banded structures of the STCC, we  constructed climatological annual 
and monthly mean temperature and salinity fields preserving  small-scale flow of the STCC. The 
seasonal evolution of the eddy fields was investigated by using about 8-year altimeter data from the 
 T/P  ERS-1 and  ERS-2 satellites. 
   The annual and monthly mean dynamic height  climatologies  confirmed two robust eastward 
currents. The northern STCC extends typically along  24°N from  130°E to  160°W and slightly shifts to 
the north as it flows toward the east. The southern STCC is located typically along 20°N and extends 
from about  150°E to just west of the Hawaiian Islands. In terms of relations to low PV structures, it 
was found that the two STCCs have different characteristics between their eastern and western 
portions. Both the western portion of the southern STCC and the eastern portion of the northern 
STCC have the subsurface  front along the southern boundary of the low PV water typically 
 characterized by the NPCMVV. On the other hand, the western portion of the northern STCC is 
characterized by subsurface front along the southern boundary of the low PV water defined as the 
 NPSTMW, and the subsurface front associated with the eastern portion of the southern STCC shows
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no notable relation to the low PV structures. 
   In the northern STCC in the western North Pacific  (140°-160°E) and the southern STCC west of 
the Hawaiian Islands (180  °  -160  ° W) where the eddy  variability is relatively larger than the 
background, the seasonal cycle of surface eastward geostrophic velocity is found to be quite  different 
between the two regions: the northern (southern) STCC is strong in winter (summer) to  summer 
(winter) and weak in fall (spring). The seasonal variation is primarily governed by strength of the 
subsurface  front, but surface front formed within a mixed layer depth during late fall to winter also 
 contributes to strength of the STCCs. It was found that the westward flow below the STCC also has a 
seasonal cycle. The weakening of the westward flow roughly  coincides with the intensification of the 
subsurface front, which suggests that the system formed by the STCC and the westward flow 
increases its barotropic nature during this time. 
   The seasonal evolution of the SSH disturbances in the northern and southern STCC regions was 
investigated by calculating time series of EKE and dominant zonal scales. Both time  series show a 
seasonal cycle with a near in-phase relationship between the northern and southern STCC regions. 
The EKE has a maximum in spring and a  minimum in fall, and the dominant scale is shortest in late 
winter ahead of the EKE maximum by about 2-3 months and  becomes longer with time. The tendency 
of SSH disturbances to  shift toward longer wavelengths was also confirmed on synoptic maps of SSH 
anomalies. These results indicate that nonlinear characteristics of disturbances are strongly enhanced 
at least from late winter to spring. 
   A linear quasigeostrophic stability analysis using a three-layer model is carried out to examine 
baroclinic instability of the vertical sheared system between the STCC and the westward  flow. As a 
result, it was shown that instability properties are very similar between the two STCC regions. The 
northern and southern STCC regions become baroclinically more unstable during winter and late fall 
to winter, respectively, with perturbations of an  e-folding time scale of about 2-3 months and a zonal 
wavelength of about 300-400 km. Examination of sensitivity of parameters used in the analyses to 
growth rates of unstable waves indicates that major factors responsible for the most unstable mean 
fields are strong vertical velocity shear and weak stratification of the vertical sheared system. It is 
considered that almost the same behavior of the seasonal evolution of the mesoscale disturbances in 
both STCC regions is a manifestation of these  similarities.
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   The  e-folding time scale is roughly consistent  with a time lag between the large maximum growth 
rate and the EKE maximum. In addition, although the  zonal wavelength predicted by linear theory is 
much smaller than that  observed in  altimeter-derived SSH anomaly maps, the appearance of the 
minimum dominant scale is roughly coincident with that of the most unstable mean fields. Based on 
these results, generation processes of the mesoscale disturbances are proposed as follows: linear 
perturbations primarily generated through wintertime mean fields that are more favorable to 
baroclinic instability grow with increasing nonlinear characteristics and evolve into eddies that lead to 
the EKE maximum during spring. Simultaneously, the eddy energy is transferred to longer 
wavelengths through the inverse energy cascade process, which makes the mesoscale disturbances 
observable by the altimeters. 
   In Chapter 4, the westward-propagating disturbances in the STCC region of the Philippine Sea 
and their interaction with the  Kuroshio were investigated by using  satellite-derived SSH and SST 
data. The tide gauge sea-level difference between Naze and Nishinoomote, which are respectively 
located on the offshore and inshore sides of the Kuroshio at the  Tokara Strait, was used as a variability 
index for the Kuroshio surface transport at the Tokara Strait. 
   Westward-propagating wavelike structures with alternating positive and negative anomalies 
were prominent in SSH and SST anomalies fields. Frequency-wavenumber spectral analyses showed 
that the westward-propagating anomalies are primarily characterized by mesoscale disturbances at 
periods of about 65-220 days. These disturbances in both fields are significantly  coherent around four 
major peaks (peak periods of 94, 125, 164 and 219 days), and that SST disturbances are ahead of SSH 
disturbances and behind meridional eddy velocity associated with the SSH disturbances by about 
0.1-0.4  7 at the four peaks. This phase  aifference indicates that SST disturbances reflect not only 
changes in vertical thermal structures associated with SSH disturbances but also meridional heat 
advection caused by eddy currents. These results are consistent with those of  Roemmich and Gilson 
(2001) based on in-situ high-resolution temperature observations. 
   A spectral analysis of the sea-level difference  during 1990-1999 indicates  variations of the 
Kuroshio surface transport at 100-200 days that nearly correspond to the dominant periodicity of the 
westward-propagating disturbances in the STCC region. It was shown by a wavelet analysis that 
temporal variability of the spectral energy in the period band of 100-200 days is quite large.  'Pwo major
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events with significant energy are found during the  periods of mid 1992 to early 1994 and 1998, and 
the other events with relatively large energy during the periods of  mid 1990 to mid 1991 and mid 1995 
to early 1996. 
   Focusing on the event during mid 1992 to early 1994, the author investigated a relationship 
between the Kuroshio surface transport variations and the westward-propagating disturbances in the 
STCC region. Although the relationship of this event to the disturbances was already pointed out by 
Ichikawa (2001) with altimeter data, this study showed clear evidence  confirming his results and then 
suggested another influence of anticyclonic disturbances on the Kuroshio. Cross correlation analyses 
and observations of SSH and SST anomalies maps demonstrate that a part of westward-propagating 
anticyclonic and cyclonic disturbances successively intrudes into the offshore side of the Kuroshio west 
of the Nansei Islands through a passage of deep bottom topography between  Miyakoshima and 
Okinawa, bringing about the Kuroshio surface transport fluctuations at the  Ibkara Strait. In case of 
anticyclonic disturbances approaching the south of Okinawa, northward advection of warm water 
toward the Kuroshio possibly occurs on the western side of the disturbances. It was suggested that 
these warm anomalies are further advected to the downstream by strong currents along the Kuroshio 
axis before the disturbances intrude into the Kuroshio region. These indications about the interaction 
will contribute to understanding of variability of the downstream Kuroshio south of Japan and 
modification of water properties transported by the  Kuroshio. 
   The present study indicates the 65-220 day variations confined to the subtropical gyre, and 
reveals their physical properties and generation mechanism, focusing on the STCC region. 
Furthermore, this study proposed the new notion of the link between the Kuroshio  variations and the 
westward-propagating disturbances in the STCC region, which could advance understanding of the 
Kuroshio variations.
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Appendix Calculation of dispersion curves of Rossby waves
   The dispersion curves of Rossby waves shown in Fig. 2.9 were computed by solving an  eigenvalue 
problem defined by the quasi-geostrophic potential vorticity equation, 
      [_            (z7/–4—d[`12---Ø–d •                            –Ur'+12 )0 +fl --aif2 —a—u\0=0,                                                       111.          dz N dz,az 2  az
 / and the  rigid-lid and flat-bottom  boundary conditions, 
                 ru– c.)d–-----au 0 = 0 at z = surface and  bottom  ,  dz  az 
Here  0(z) is the amplitude of a  disturbance stream function,  N(z) the  Brunt-VdisAlA  frequency 
 u(z) the mean zonal current,  fi the meridional derivative of the Coriolis parameter  f  , with k and 
I the zonal and  meridional wavenumbers, respectively. The eigenvalues c are interpreted as the zonal 
phase speed of  Rossby waves. These equations are identical to the equations of  baroclinic shear flow 
instability and have been used to study stability properties of the mean flow in some regions  (Gill et al. 
1974; Kang and Magaard 1979). The eigenvalues were obtained by a conventional matrix method. For 
the barotropic and first  baroclinic modes corresponding to the simple standard  theory, we set  u(z) to 
be zero. The Rossby deformation radius computed for the case of  u(z)= 0 is nearly the same as the 
zonally averaged values of global atlas produced by Chelton et  al (1998). Note that all the dispersion 
curves were calculated under two meridional wavenumber conditions,  / = 0 and  / =  k  . 
   The profiles of  N(1) and  u  (z) used in the present calculations were produced using the 
hydrographic data constructed in section 2.2. The vertical profiles of in-situ temperature and  salinity 
were zonally averaged every  5° zonal bin between  145°E and  180' in the northern STCC and between 
 165°E and  160°W in the southern STCC, respectively. The profile of N(z) at each bin in the northern 
 and southern regions was computed from the mean in-situ densities at  22°N and  19.5°N respectively 
using the neutral density gradient method and the centered first difference method (Chelton et  al. 
1998). To  preserve the  shear-flow structure in the mean fields, we used a frontal coordinate system 
where the center of eastward flow in individual meridional sections was regarded as the origin of the 
along-section coordinate.  Here, the centers of the northern and southern STCC were determined as a 
position of maximum vertical velocity shear between the surface and 400 m depth judged from Fig.
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2.6b within  1° north and south of  22°N and  19.5°  N, respectively. The velocity  profile,  u(z  )  , was 
deduced every  5' zonal bin from thermal wind relation using the in-situ densities at the neighboring 
south and north grids. Examples of the  profiles are shown in Fig. Al. We solved the eigenvalue 
problem every bin and then averaged the eigenvalues detected as stable modes. The error bars shown 
in Fig. 2.9 indicate the 95 % confidence intervals of the mean  eigenvalues.
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Figure Al: Vertical  profiles of  Bnmt-Vaisdla frequency and eastward  velocity calculated  from the 
    temperature and salinity data zonally averaged between  150'E and  155°E for the northern
    STCC  region and between  170°E and  175°E for the southern STCC region.
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